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INTRODUCTION: 
The use of oxygenate fuel additives in gasoline as a strategy to 
decrease dangerous ambient air levels of pollutants, especially 
carbon monoxide (CO), has recently expanded dramatically. Two 
especially significant programs to combat air pollution were 
required under the 1990 amendments to the Clean Air Act: the 
carbon monoxide oxygenated fuels program and the reformulated 
gasoline program. This paper explores the legislative and 
statutory history of oxygenate use in gasoline and oxygenate- 
based pollution abatement programs, proyram implementation 
problems and public reaction, health research on oxygenates and 
the resulting changes in ambient air quallity for cities which 
have instituted programs. 

STATUTORY BACKGROUND 
Section 211(m) of the Clean Air Act as amended in 1990 (the Act 
or CAA) requires states with areas experiencing dangerous levels 
of carbon monoxide pollution to implement winter oxygenated 
gasoline programs no later than November 1, 1992. This mandate 
is applicable to 39 areas throughout the country, although just 
36 began the program on November 1, 1992. 

The oxygenated gasoline program requires gasoline in the 
specified control areas to contain an average of 2 .7% oxygen by 
weight during that portion of the year in which the areas are 
prone to high ambient concentrations of CO, typically during tne 
core winter months. The lengths of these control periods have 
been established by the EPA Administrator. The Act requires that 
the winter oxygenated gasoline program apply to all gasoline sold 
or dispensed in the larger of the Consolidated Metropolitan 
Statistical Area (CMSA) or the Metropolitan Statistical Area 
(MSA) in which the nonattainment area is located. (See Table 1 
below for a complete list of the CMSAs and MSAs affected by this 
requirement and their control periods.) 

Just a few states opted to allow averaging programs, including 
Pennsylvania and Ohio. Other states, such as Oregon and 
Washington. have adopted limited averaging scenarios, allowing 
individual companies to average their oxygen contents over the 
course of the season, but not allowing companies to sell and 
trade credits among themselves. The majority of the states 
adopted programs which did not allow for averaging, thus 
requiring that & gallon of gasoline contain no less than the 
minimum 2 . 7 %  oxygen by weight. 

/ 
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Table 1: Program Areas 

November 1 - February 29 
Hartford-New Britain- 
Middletown, CT CMSA 
Seattle-Tacoma, WA CMSA 
Philadelphia-Wilmington-Trenton, 

Greensboro-Winston-Salem- 

Raleigh-Durham, NC MSA 
El Paso, TX MSA 
Denver-Boulder, CO CMSA 
San Diego, CA MSA 

PA-NJ-DE-MD CMSA 

High Point, NC MSA 

Washington, DC-MD-VA MSA 
Grant's Pass, OR 
Baltimore, MD MSA 
Medford, OR MSA 
Missoula, MT 
Klamath County, OR 
Provo-Orem, UT MSA 
Albuquerque, NM MSA 
Colorado Springs, CO MSA 
Fort Collins-Loveland, CO MSA 
Portland-Vancouver, OR-WA CMSA 

New York-Northern New Jersey-Long 
Island, NY-NJ-CT CMSA 

Minneapolis-St. Paul, MN-WI MSA Chico, CA MSA 

Reno, NV MSA Sacramento, CA MSA 
Fresno, CA MSA Modesto, CA MSA 

San Francisco-Oakland-San Jose, CA CMSA Stockton, CA MSA 

-9 

Las Vegas, NV MSA 
Los Angeles-Anaheim-Riverside, CA CMSA 

Phoenix, A2 MSA 

September 1 - February 29 Spokane, WA MSA 

Under authority set forth in another part of the Act, the 
Administrator promulgated labeling regulations for the sale of 
gasoline at retail gasoline stations in oxygenated gasoline 
control areas. Under the Agency's regulation, the gasoline pumps 
at retail stations in each control area must be labeled during 
the applicable control period with conspicuous labels. 
labels must be clearly readable in order to provide the public 
with information that oxygenated gasoline is being dispensed. 

Under section 211(k) of the Act, l'reformulated gasoline" is 
required in certain ozone nonattainment areas beginning in 1995. 
Among other things reformulated gasoline requires at least 2.0 
percent oxygen by weight throughout the year. Reformulated 
gasoline could represent as much as half of the gasoline'utilized 
in the U.S. depending upon the number of states that decide to 
adopt the program. (Although some areas are required to adopt 
the program, other less severe ozone nonattainment areas can Itopt 
into" the program. ) 

The 
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The program-generated demand, on a yearly basis, for oxygenates 
can be seen in Figure 1. 

F lgure 1 : Oxygenate P r o g r a m  Demand 
II 

ENVIRONMENTAL BENEFITS OF OXYGENATED FUELS 
Carbon monoxide (CO) is a colorless, odorless gas which can cause 
central nervous system effects such as a reduction in visual 
perception and manual dexterity, decreased exercise performance, 
and among individuals with chronic heart disease, a marked 
decrease in physical capacity and increase in chest pain. Motor 
vehicles are significant contributors to carbon monoxide 
emissions nationwide, adding approximately 75 percent to the CO 
inventory in major metropolitan areas. Millions of U.S. citizens 
are exposed to dangerous levels of this pollutant especially 
during the winter months. 

One important strategy which an area may utilize to reduce Co 
emissions is the implementation of a cleaner-burning oxygenated 
gasoline program. For any given set of conditions, there is an 
optimum ratio of fuel to oxygen or air which provides the most 
efficient combustion. In cold weather when combustion tends to 
be less efficient, extra oxygen enhances combustion by offsetting 
fuel-rich operating conditions, especially during vehicle 
starting. If oxygen is added to the fuel in the form of 
oxygenates, a second source of oxygen becomes available (in 
addition to the primary source from the air). 
containing 2 . 7  percent oxygen, by weight, will result in a 15% to 
20% reduction in CO emissions, on a mile-for-mile basis, when 
compared to gasoline not containing oxygenates. 

A gasoline blend 
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Oxygenates also cause decreases in unburned hydrocarbon exhaust 
emissions including certain toxic air pollutants such as benzene 
and 1,3-butadiene. Although oxygenates do increase aldehyde 
emissions, total toxic emissions decrease through oxygenate use. 

WHAT OXYGENATES ARE USED? 
Alcohols and ethers have been added to gasoline in various forms 
for over fifteen years, sometimes to enhance octane, sometimes 
simply as a fuel extender, and, more recently, to decrease 
emissions. Typically, although other oxygenates could be 
utilized (and have been in the past), fuel oxygen is added to 
gasoline in the form of ethanol, an alcohol, or methyl tertiary 
butyl ether (MTBE).' These oxygenates are used because they are 
the most economically viable in today's fuel market. Ethanol has 
been traditionally added to gasoline at 10 percent by volume, 
which adds approximately 3.5 percent oxygen to the fuel. 
However, in oxyfuel program areas, ethanol is often added at 
about 7.7 percent by volume to meet the program requirement of 
2 . 7  percent oxygen. TO reach the same oxygen level, MTBE is 
added at a level of approximately 15 percent by volume. 

PROGRAM RESULTS 
The previously stated 15 to 2 0  percent reduction in CO emissions 
is evidenced by what occurred last year in the cities which 
implemented an oxygenated fuels program. A preliminary study of 
exceedances of the National Ambient Air Quality Standard for 
carbon monoxide in these cities covering the winter months in the 
1992-93 season during which an oxygenated fuels program was in 
place reveals a very telling picture. (See Figure 2 . )  For 21 
areas which had not previously implemented oxygenated fuels 
programs, CO exceedances dropped by 95 percent when compared to 
the previous winter (1991-92). In California, where a program 
was implemented requiring slightly less total oxygen ( 2 . 0  percent 
oxygen instead of 2 . 7  percent - equivalent to about 11 percent 
MTBE instead of 15 percent), exceedances dropped by 80  percent. 
In areas with pre-existing programs, most of which required 
oxygen levels around 2.0 percent but, under the new program, 
increased to 2 . 7  percent, exceedances dropped by about 50 
percent. Although normal year-to-year variations in 
meteorological conditions or patterns of vehicle use might have 
contributed to the decline in CO exceedances in some 
nonattainment areas, these aggregate national data suggest 
strongly that MTBE is having the kind of positive effect overall 
that was intended. 

' Other oxygenates which can be used include tertiary amyl 
methyl ether (TAME) and ethyl tertiary butyl ether (ETBE), both 
of which have been used to a very small extent during the past 
season in some isolated cases. 
methanol and other alcohols have been used but these blends are 
not viable in today's market. 

In the past certain blends of 
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Figure 2- 

FIRST YEAR PROGRAM RESULTS 

X Program compliance was excel lent in first season. 

X Comparlson of data f r o m  this wlnter to data f r o m  last wlnter shc 
an  80% reductlon In CO exceedances. 

HEALTH ISSUES 
Citizens in some areas of the country complained of acute health 
symptoms such as headache and nausea which they associated with 
use of MTBE in gasoline. There are a number of reasons why this 
reaction to MTBE-blended gasoline was unexpected. MTBE has been 
used in the U.S. as an octane enhancer since the late 1970's (at 
concentrations of 2-11%). Industry had tested many aspects of 
the fuel additive prior to 1992 and this research indicated no 
significant health concerns. Seven cities had, in fact, required 
wintertime use of oxygenated gasoline prior to 1992, most notably 
Denver which began its program in 1988, and experienced no 
problems similar to those in Alaska. Under the Clean Air Act 
oxygenated gasoline program, however, concentrations of MTBE must 
be generally higher than they were in Denver. (Denver required 
MTBE concentrations from 10-14.4%, while the Act requires 15%.) 

The Environmental Protection Agency (EPA) took these concerns 
seriously and, in a very short time, organized a comprehensive 
strategy to investigate Alaska's complaints. In order to address 
the issue of health symptoms associated with acute exposures to 
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MTBE-blended gasoline, EPA outlined a six-month test program in 
January 1993. EPA coordinated almost $2 million worth of 
studies, working with the Centers for Disease Control and 
Prevention (CDC), the State of Alaska, industry groups 
represented by the American Petroleum Institute (API) and the 
Oxygenated Fuels Association (OFA), as well as other EPA and 
state offices. 

The testing effort included animal studies, human clinical 
studies, epidemiological studies, exposure studies and automobile 
emissions studies and air and fuel sampling. In addition, ORD 
accelerated its review of existing research on chronic effects of 
MTBE. The results from these studies were presented at a 
workshop, sponsored by ORD, API and OFA, on July 26-28, 1993. 
The workshop enabled EPA and others to assess these health 
concerns before the start of the oxygenated gasoline season in 
1993 in Alaska and elsewhere. EPA's assessment of the potential 
health risks associated with MTBE-oxygenated gasoline has been 
completed and indicates that MTBE appears to have very little 
acute health risk to healthy people under relatively temperate 
conditions. Hence, in terms of short-term acute health effects, 
these results seem to provide no basis to question continuing the 
overall MTBE oxyfuels program. This conclusion does not reflect 
that there may be a particularly sensitive subpopulation which 
may react to MTBE differently. However, results to date provide 
no firm evidence that such sensitive individuals exist or, if 
they do, how they might be identified. Further research on 
exposure to MTBE and the health effects of MTBE continues. 

CONCLUSION: 
Available data indicate that oxygenated fuels program implemented 
for pollution abatement have successfully decreased exceedences 
of the National Ambient Air Quality Standards for carbon monoxide 
pollution. Health research appears to indicate little health 
risk to healthy people under relatively temperate conditions. 
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INTRODUCTION 
Fuel oxygenate blending in motor fuels first became commercialize in 1969 with the blending of butyl 
alcohol in gasoline. This first fuel alcohol was made by adding oxygen to isobutanes. Now most of this 
alcohol production is converted to isobutylene for methyl tertiary butyl ether (MTBE) production. MTBE 
blending was first commercialized in the U S .  in 1979 when the U.S. EPA granted a section 21 1F 
waiver request to blend it into unleaded gasoline. MTBE use grew during the 1980s as a high octane 
replacement for lead compounds in gasoline. Similarly, 10% ethanol blending was approved in 1978. 
With a government tax incentive for alcohols made from renewable sources, ethanol's use also grew as 
a non-petroleum gasoline extender in the mid-1980s. 

Relative to mobile source emissions, the 1990 revision to the Clean Air Act (CAA) requires reductions of 
carbon monoxide (CO), volatile organic compounds (VOCs). and toxics from gasoline fueled vehicles. 
Reductions in nitrogen oxides (NOx) and greenhouse gases (such as carbon dioxide - C02) were not 
required. The strategy in the CAA to decrease ground level ozone is by reducing VOC mass emissions 
by 15% in 1995 and 25% in 2000. The other attributing compound to ozone, NOx emissions, are only 
capped at the 1990 levels in the CAA. Based on the predictive models developed by the US.  EPA and 
by the California Air Resource Board (CARB), it appears that the fuel reformulation will be able to 
achieve the year 2000 performance requirements targeted in the CAA. 

Fuel oxygenates played a key role in both the Oxygenated Fuels and Reformulated Fuels outlined in the 
CAA. The next wave of environmental interest is to possibly modify motor fuels andlor motor vehicles 
for reductions in NOx emissions and greenhouse gases such as C02. Fuel oxygenates can also play a 
significant role in such fuel modifications. To achieve the maximum emissions reduction potential, 
minor engine modifications may be required to take full advantage of the possible fuel property 
improvements. 

FUEL OXYGENATES 
Though MTBE and ethanol are the most commonly used oxygenates, there are many other potential 
fuel oxygenates that are being developed or investigated such as TAME (tertiary amyl methyl ether) and 
ETBE (ethyl tertiary butyl ethers)(Ref 1). The properties of these oxygenates and others are listed in 
Table 1. The most useful property of the oxygenates is their high octane. Outside of metal 
compounds, oxygenates are generally the only high octane alternative to aromatics in gasoline. The 
potential octane contribution of oxygenates are shown in Figure 1 as a function of the their oxygen 
contribution in gasoline. 

While mixtures of alcohols are allowed up to 3.7 weight percent oxygen in gasoline under various EPA 
approved waivers, ethers are currently limited to 2.7 weight percent oxygen in gasoline. Under these 
limits, ethers can potentially add 3 to 4 octane numbers to the gasoline pool. If the oxygen limit for 
mixed ethers were raised to 3.7 percent, ethers could contribute 4 to 5 octane numbers ,and up to 20+ 
volume percent to gasoline. Their potentially large octane and volume contribution can play a 
significant role in replacing most of the aromatics in gasoline, and modifying future gasoline formulations 
for reductions in NOx and C02 emissions as will be discussed later. 

Besides their octane, a major advantage of ethers over aromatics is their kelatively lower boiling 
temperatures. Since lead phasedown in gasoline. the increased use of aromatics in premium gasolines 
have lead to poor mid-range volatility and a degradation of cold engine driveability and performance(Ref 
2). The automakers have been making an effort to limit this performance degradation by proposing a 
cap on a Driveability Index (DI) that is calculated from distillation temperatures of gasoline. Using their 
individual boiling temperatures, then DI differences between ethers and aromatics are illustrated in 
Figure 2. Though both provide octanes higher than a 100 (r+M)/2, the DI of most ethers are favorably 
lower while the high boiling temperatures of the aromatics contributed to higher DI for gasoline, 
particularly premium gasolines. The DI benefits of using ethers for octane is best illustrated by 
comparing the DI changes between the 1992 and 1993 winter DI averages for the oxygenated and non- 
oxygenated cities in the AAMA (American Automobile Manufacturers Association) gasoline surveys. 
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Gasoline Grade 
DRIVEABILITY INDEX DI 
- 1992 lgg3 CHANGE 

Regular - Oxygenated 1112 1061 -53 
Non-ox ygenated 1071 1092 +21 

Premium - Oxygenated 1154 1087 -67 
Non-oxygenated 1153 1147 - 6  

Though the non-oxygenated cities showed very little change in DI. the oxygenated cites (with 
predominately MTBE) showed very favorable decreases greater than 50 DI. Therefore, the use of 
ethers appears to provide an effective means for improving the mid-range volatility of the gasolines 
which should also benefit the 1990 CAA Reformulated Gasoline program. 

EXHAUST NOx EMISSIONS 
The work completed by AUTOIOIL established sulfur in gasoline as a major influence on tailpipe NOx 
because of its effect on the activity or efficiency of the catalytic convertors(Ref 3). However, the other 
fuel variables that effect NOx emissions were not quite as clear(Ref 4-5). Since NOx is a side reaction 
of combining oxygen and nitrogen during the combustion process, NOx in engine exhaust is expected to 
be a function of the peck temperatures during combustion. The dilemma is what fuel property changes 
have the most influence on the peak combustion temperatures. Earlier research by others had found 
the flame temperature and resutting NOx emissions of fuels to be most easily correlated with the 
hydrogen to carbon ratio (WC) of the fuel (Ref 6-8) where high WC has a lower flame temperature and 
therefore lower NOx thermal equilibriums. 

This relationship can also be seem in some more recent work conducted with ARC0 Chemical Europe 
in conjunction with BP Oil, and Voko. ECE emission test were conducted with 11 different fuels of 
varying composition but relatively similar octanes in two 1991 non-cat cars with VOLVO engines (E-230 
2.3 litres, 4 cylinders). The relative change in the NOx emissions compared to each fuel's hydrogen to 
fuel ratio in this study is shown in Figure 3. Also, three of the fuels contained oxygen, one from ethanol 
and two from MTBE. The data in Figure 3 suggest that the NOx emissions are strongly related to the 
fuek  hydrogen to carbon ratio independent of oxygen content in the fuel. This correlation to WC ratio 
is consistent with the resuits reported in previously referenced studies. 

However, in addition to the flame temperature of the fuel, the ultimate combustion temperature would 
also be expected to be a function of the octane of the fuel. Octane is a good indicator of the fuel's 
resistance to autoignite under the more severe operating conditions in the engine. Low octane fuel may 
autoignite earty prior to optimum timing under severe engine conditions and thereby increase peak 
pressures and temperatures. Therefore, higher octane fuels would be expected to suppress autoignition 
and generate lower peak temperatures and lower NOx under severe engine operating conditions. The 
possible sensitivity of NOx to octane, particularly motor octane, of the fuel has been Observed in some 
previous studies(Ref 9-10), 

To test this theory that NOx production may be influenced by octane number independent of fuel 
composition, the octane of a reference fuel was artificially lowered by adding minute amounts of tertiary 
butyl hydro peroxide (TBHP), a very powerful pro-knock compound. FTP emission tests were 
conducted on two cars (1991 Dodge Spirit 2.5 IiterfrBl and 1990 Ford Probe 2.2 IiterIPFI) using the 
reference fuel Ondolene) and the same fuel with two levels of peroxide. The average results for the two 
cars is as follows: 

TBHP Fuel Octane % NOx 
m W ( R + M ) R  Chanaes 

0 88.7 93.0 
420 87.2 91.4 
1100 86.5 90.5 

Base 
+ 15% 
+ 14% 

These results support the theory that octane number, independent of fuel composition, can also effect 
NOx emissions in the engine exhaust. Evidence of this octane effect has also been seen in Ethyl 
Corporation's work with MMT (methylcyclopentadienyl manganese tricarbonyo, a metal based octane 
additive. In the emission work to support a MMT waiver request, fuels containing 0.03125 grams of 
MMT per gallon increased the fuel's octane by approximately 0.8 octane numbers, but more importantly 
decreased NOx emissions(Ref 11). 

A review of the emission resuns for AUTOIOIL's older car fleet shows similar fuel effects on the NOx 
emissions. Figure 4A shows the average NOx emissions relative to the fuels' H/C ratio. The 
AUTOIOIL's fuel matrix essentially falk into two groups: low HIC fuek and high WC fuek. The NOx 
emissions from the high WC fuek are approximately 12% lower than that from the low HIC fuels. The 
data ako shows no oxygen effects since the emissions for the oxygenated fuels appear to be evenly 
dispersed among the non-oxygenated fuels. As Figure 4A shows, there ako is more variance in the 
low HIC fuel group than the high WC group. Much of this variance seems to be explained by the motor 
octane which varies as much as 5 octanes for the low HIC fuels as shown in Figure 48. Though motor 
octane seems to explain some of the variance in the high HIC fuels as well, it is not as clear since the 
range of motor octane is only 2.5 numbers for this group. i 
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The review of these studies suggest that much of the fuel effects on NOx emissions from gasoline 
vehicles can be explained by three main factors: the WC ratio and the motor octane of the fuel as it 
effects peak combustion temperatures. and the fuel's sulfur content for its effect on the catalyst activity 
in the Catalytic convertor. One other fuel quality for investigation is the ability of the fuel to warm-up the 
engine quicker (with higher DI). end thereby increase total NOx over an emissions test cycle. However. 
this might offset by the catalytic convertor also warming up quicker. 

CARBON DIOXIDES EMISSIONS 
Carbon dioxide (CO2) from fuel combustion is considered to be a major source of greenhouse gases, 
and the current administration is dedicated to capping the year 2000 greenhouse gases at the same 
level as 1990. Though the stationary power sources may have the flexibility to switch from high fossil 
carbon fuek such as coal or heavy oils to low fossil carbon fuels such as natural gas or biomass fuels 
es a way to reduce C02, transportation fuels are not quite as flexibility. However. the C02 emissions 
associated with gasoline energy content is still related to the WC ratio of the fuel components as shown 
in Figure 5. Aromatics represent the highest carbon content fuels and therefore the gasoline 
Components with the highest C02 per unit of energy. Ethers. like paraffins, are gasoline Components 
with the lowest C02 per unit of energy. Therefore. using ethers in place of aromatics for octane in 
gasoline may be an effecti~e way to reduce fossil carbon dioxide emissions from gasoline by 4 to 5 
percent. This C02 relationship to fuel WC is consistent with the analysis reported by the AUTOlOlL 
analysis (Ref 12). 

Raising the octane of gasoline presents another opportunity to significantly reduce C02 emissions from 
transportation fuek by allowing the automakers to raise the compression ratios of the engines of their 
new car models. Increasing the compression ratio would reduce fuel consumption by increasing the 
thermal efficiency of the engine's operation. The optimum octane for gasoline was last debated in 
industry about two decades ago when unleaded gasoline was about to be widely distributed in the 
marketplace (Ref 13-21). The conclusion from most of these studies was that the optimum octane for 
unleaded gasoline was around 91 to 92 (R+M)R octane even though the industry went with 87 (R+M)R 
as the standard octane for gasoline. The economic basis used in these studies was generally limited to 
comparing the cost of fuel savings versus the cost of raising the octane of gasoline. The environmental 
benefit of reducing C02 emissions was not considered in these studies at the time. If it had been 
included. it would have further supported the higher octane fuel I higher compression engine 
combination. 

Figure 6 shows typical relationships to engine compression ratio which is derived from one of these 
studies (Ref 15). In the range of interest. Figure 6 shows that increasing the compression ratio by two 
numbers would increase fuel efficiency by approximately 10 percent but would also increase engine's 
octane requirement by approximately 6 octane numbers. This study suggest that each octane is 
potentially worth 1.0 % increase in fuel efficiency or fuel economy. This ratio between efficiency and 
octane seems to be approximately the same in most of these studies. 

Some of these studies also attempted to address the issue on whether there was any increase in other 
emissions such as NOx or hydrocarbons(Ref 18-21). Their results suggested that there was little 
change in these emissions after re-optimizing other engine operating parameters such as timing and air 
to fuel mixtures. However. these studies did not evaluate any possible emission reduction benefits 
associated with also raising the fuel's octane for the higher compression ratio operation. 

What these prior studies did not review in their analysis is any possible loss in driveability performance 
associated with higher fuel octane, particularly if high boiling aromatics should be the main source of the 
octane increases. As mentioned earlier, this is now a major concern of the automakers. Therefore, the 
source of increased octane would likely have to be from ethers which can potentially add five octane 
numbers to the gasoline pool with out worsening the driveability index of the gasoline. 

Another benefit of using ethers instead of aromatics for octane is their greater increase in combustion 
gas volumes. Higher HIC ratio fuels generate more moles or volumes of product gases per volume of 
combustion air that is consumed or drawn into the engine's cylinders. This higher volume of 
combustion gases increases combustion pressures even further for an added boost in engine efficiency 
and power. This comparison between ethers end aromatics is illustrated in Figure 7. In general, the 
ethers provide about 4 to 5 percent more gas volume than the aromatics during combustion. 

Therefore. using oxygenates to further increase gasoline octane can potentially help reduce fossil based 
C02 emissions in two ways: one by reducing the carbon to energy ratio of the fuel. end second to allow 
the automakers to increase the fuel economy of cars by raising the engine compression ratio. Ako,if 
oxygenates become a significant proportion of gasoline, it opens up an avenue to use more renewable 
carbon in gasoline Since the alcohols in oxygenates can be made from renewable resources (Ref 22). 
This can further reduce the fossil based C02 emissions from transportation fuels. 
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SUMMARY 
A review of the available data suggest there is still potential to reduce NOx emissions and the fossil fuel 
based CO2 emissions from mobile sources. Based on the review presented here, both of these 
emission reductions can be accomplished by increasing the hydrogen / carbon ratio of gasoline and 
ako raising its octane number, particularly the motor octane. This would have been difficult to 
accomplish if the high carbon content aromatics were the only source of high octanes for gasoline 
blending. However, with the development of oxygenates as an octane enhancer. particularly ethers, 
both of these changes in gasoline can be done simultaneously and are technically feasible. Based on 
the reviews of past studies, both these changes in the fuel are probably economically and 
environmentally justifiable. Therefore, fuel oxygenates are not only capable of adding oxygen to 
gasoline to improve combustion, but they are also took for increasing fuel HIC ratios as well as adding 
more octane for potentiatly better engine effiuenues in the future. 

ABBREVIATIONS 

DI - Driveability Index (1.5xT10 + 3.OxT50 + T90) degrees fahrenheit 
ETBE - Ethyl tertiary butyl ether 
IPTBE - Isopropyl butyl ether 
MTBE - Methyl tertiary butyl ether 
NOx - Nitrogen oxide compounds 
MON - Motor octane number 
RON - Research octane number 
(R+M)/Z Average of RON and MON 
HIC 
C02 - Carbon dioxide 

- Hydrogen to carbon atomic ratio 
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TABLE 1 

TYPICAL PROPERTIES OF FUEL ALCOHOLS IN GASOLINE : 

Methanol (1) 

Solvent Ethanol 
6 CO- 
-- 

tert- 
Amy 1 
Alcohol 

97 

Iso- tert- ' Iso- 
Propanol Butanol Butanol 

106 100 102 
OCTANES: 

Blending (RLM) /2 108t 115 

VAPOR PRESSURE: 
Neat RVP (1OOF) 4 . 6  2.3 

31+ 18 

148 173 

6.63 6.61 

1.8 1.7 0.6 

14 9 5 

180 181 226 

6.57 6.59 6.71 

0.7 

6 

216 

6.79 

Blending RVP (2) 

BOILING PT. (F) 

DENSITY (LB/GAL) 

ENERGY DENSITY: 
MBTU/Gal (LHV) 56.8 76.0 87.4 94.1 95.1 100.1 

HEAT OF VAPOR. : 
MBTU/Gal @ NBP 1.90 1.55 1.67 1.58 3.14 2.39 

OXYGEN CONTENT 
(wT.%)  50 34.8 26.7 21.6 21.6 18.2 

SOLUBILITY IN WATER: 
(WT.8) I I I I 10.0 11.5 

TYPICAL PRDPERTIES OF FUEL ETBERS IN GASOLINE : 

ETBE 

112 

DIPE - 

105 

TAME 
~ 

105 

IPTBE - 

113 100 
OCTANES : 

Blending (RLM) /2 

Neat RVP (1OOF) 

Blending RVP 

VAPOR PRESSURE: 

BOILING PT. (F) 

DENSITY (LB/GAL) 

ENERGY DENSITY: 
MBTU/Gal (LHV) 

110 

7.8 

8 

131 

6.19 

4.0 

4 

161 

6.20 

4.9 

5 

155 

6.1 

2.5 

2.5 

187 

6.41 

2.5 

2.5 

188 

6.30 

1.2 

1 

214 

6.39 

93.5 96.9 100 100.6 NA NA 

HEAT OF VAPOR. : 
MBTU/Gal @ NBP 

OXYGEN CONTENT 
(WT.%) 

0.86 0.83 0.9 0.90 NA NA 

18.2 15.7 15.7 15.7 13.8 13.8 

SOLUBILITY IN WATER: 
lwT.%) 4.3 2.6 2.0 2.0 NA NA 

I - Infinite Solubility 

(1) Typical for methanol waivered blends with cosolvents 
(2) Blending RVP for 2.7% oxygen or higher in gasoline 

NA - Not Available 
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FIGURE 1 
Potential Octane Contribution of Oxygenates in Gasoline 
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FIGURE 3 
NOx Emissions Strongly Related To Fuel HIC Ratio 
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FIGURE 5 
Individual CO 2 Contribution From HI-OCTANE Components 
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ALTERNATIVE FUEL USE 
IN COLORADO 

Kim B. Livo 
Dr. Jerry Gallagher 

Martin W. Boyd 
Air Pollution Control Division 
Colorado Department of Health 
4300 Cherry Creek Drive South 

Denver, Colorado 80222 

Abstract 

The use of alternative fuels hold the promise of promoting energy 
diversity and reducing motor vehicle emissions. With the passage 
of the federal Clean Air Act Amendments of 1990, the National 
Energy Policy Act of 1992, and state initiatives such as from 
California, these fuels will have a far reaching influence on the 
fuels motor vehicle fleets operate on in the next century. 

Many of the emission benefits of alternative fuels are dependent 
on the quality of the alternative fuel implementation, as well as 
the fuels themselves. To prevent degradation of motor vehicle 
emissions, the Colorado Department of Health has implemented 
alternative fuel retrofit system certification procedures. These, 
as well as EPA and California certification standards will allow 
present vehicles to have acceptable emissions, as well as future 
vehicles to meet required low emission standards. 

Introduction 

Transportation fuels have been at the heart of two major public 
policy issues facing the United States for the last several 
decades; pollution caused by motor vehicles, and the growing 
dependence on imported oil. Clean fuels, such as alternative 
fuels, are of increasing importance as a way to lower motor 
vehicle emissions. Diversification of transportation fuels is 
equally important, and will lessen or mediate future supply 
disruptions or price hikes which were saw in the oil shocks of the 
1970s. 

In Colorado, alternative fuel use has been growing dramatically 
since the start of the 1990s. Today there are more than 5000 
vehicles capable of operating on alternative fuels. This growth 
is posing significant challenges to the fuels industry and fleet 
users. To support the expanding vehicle fleet, the fuels industry 
has been actively expanding the alternative fuel infrastructure. 
In turn, fleet users are being challenged to integrate and 
maintain new types of vehicles and fuels. 

Background 

Alternative fuel use in Colorado, and elsewhere, is been shaped 
largely by two significant pieces of federal legislation, the 
Clean Air Act Amendments of 1990 and the National Energy Policy 
Act of 1992. Developments in California are also effecting 
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alternative fueled motor vehicle use, as California "low emitting 
vehicle", "ultra low emitting vehicle" and "zero emitting vehicle" 
standards are driving the entire alternative fueled vehicle market 

The Clean Fleet Fuels Program 

The Clean Air Act Amendments of 1990 mandate the use of clean 
fuels for fleets, mainly as part of the Clean Fleet Fuels Program. 
This program is scheduled to begin in 1998 for public and private 
fleet of ten or more vehicles which are centrally refueled. 

The Clean Fleets Fuels Program affects fleets in 21 ozone and one 
carbon monoxide non-attainment areas with populations of 250,000 
o r  more based on the 1980 census. The program applies to 
automobiles and light and heavy duty trucks up to 26,000 pounds 
gross vehicle weight. 

The Clean Fleet Fuels program is as the name suggests, a "clean" 
fuels program. It is a program which stresses air quality, rather 
than type of fuel, so is a performance, rather than alternative 
fueled, based program. To participate, a fuel/vehicle combination 
must meet the same standard as the California low emitting vehicle 
standard. 

It is expected that alternative fuels will have an advantage in 
meeting the specific emission requirements of this program, but 
reformulated gasoline8 and clean diesel fuels may also 
participate. Any fuel, in combination with vehicle technology, 
which meets the standard is eligible for this program. This 
includes alternative fuels such as natural gas, propane, methanol, 
ethanol, and electricity, as well as clean gaaolines and diesel 
fuels. Some types of vehicles will be exempted to this program. 
They include emergency and law enforcement vehicles, and vehicles 
which are garaged at home. 

National Energy Policy Act of 1992 

A second federal program expected to fuel the market for 
alternative fuels and fueled vehicles this decade and next, is the 
National Energy Policy Act of 1992. This act, unlike the Clean 
Fleet Fuels Program, is designed strictly to increase the use of 
alternative fuels and fueled vehicles. It mandates that certain 
fleets purchase alternative fueled vehicles. 

The National Energy Policy starts in 1993 for the Federal fleet, 
and 1996 for State fleets and fuel provider fleets. Private and 
municipal fleets may have to participate also, as early as 1999, 
if the Secretary of Energy makes a determination that national 
alternative fuel usage goals require their inclusion to be met. 

The National Energy Policy act affects all metropolitan areas in 
the United States with a population of over 250,000 people at the 
time of the 1980 census. It covers eligible fleets of fifty or 
more vehicles, with at least 20 or more in any one area. It 
affects vehicles with weights up to 8500 GVW. In addition, the 
covered vehicles must be capable of being centrally refueled. 
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Unlike the Clean Fleet Fuels Program, this program is an energy 
diversity program, so is not standards driven but rather 
alternative fuel driven. Alternative fuels which comply include, 
natural gas, propane, methanol, ethanol, and electricity. 

Exempted vehicles for this program include, emergency and law 
enforcement vehicles, and vehicles garaged at home. At the 
discretion of the Sectary of Energy, the exemption for law 
enforcement vehicles may be waived. 

State and Local Incentives 

Colorado, because of air quality issues, as well as economic 
developmental reasons has encouraged the use of alternative fuels. 
In terms of air pollution, alternative fuels do hold the promise 
of reducing vehicle emissions which contribute to Colorado's 
winter-time carbon monoxide and PM-IO problems, and year round 
visibility concerns. 

But showing promise does not necessarily lead to a solution. 
emissions testing conducted by the Colorado Department of Health 
(CDH), has shown that not all alternative fueled vehicles are low 
emitting. As with traditional vehicles, good design and proper 
vehicle maintenance are needed to obtain and maintain appropriate 
vehicle emission levels. To assure that alternative fueled 
vehicles meet applicable emissions standards, the CDH regulates 
vehicle conversions through Air Quality Control Commission 
Regulation No. 14. Through this regulation, only CDH certified 
retrofit systems are allowed on vehicle conversions. 

To encourage the use of alternative fueled vehicles, the state, 
and local municipalities, have adopted a number of incentive 
programs. One of the first programs established was a state fleet 
program which requires the state fleet manager to purchase or 
convert a number of vehicles to alternative fuels each year. 
Beginning in fiscal year 1991, the goal was 10% of all new vehicle 
purchases. This has been'increased to 40% for the fiscal 1994 
year. 

The city of Denver has adopted a more pervasive ordinance, No. 
330, administered by the City of Denver Health and Hospitals, 
requiring 10% of all fleet vehicles to be alternatively fueled for 
fleets of 30 of more vehicles. Diesel powered vehicles are 
excepted from conversion requirements, but are counted as part of 
that 30 or more vehicles. 

Mass 

Governor's Alternative Fuels Task Force 

To encourage the use of alternative fuels, Colorado's governor, 
Governor Romer, established a Governor's Alternative Fuels Task 
Force. It was charged with the task of investigating ways of 
furthering the use of alternative fuels. This Task Force, 
composed of local state, county, and municipal officials, as well 
as citizens, met for over a year in determining the direction 
Colorado should take in meeting both clean air goals and economic 
development. 
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The principle recommendation of the Task Force was that Colorado 
implement a Clean Fleet Fuels Program as required by the Clean Air 
Act Amendments of 1990. Such a program should be implemented as 
soon as possible before the 1998 deadline. 
recommended an incentive program be developed to promote fuels 
such as CNG and propane which could reduce carbon monoxide 
emissions from appropriate vehicles. As a gas producing State, 
the use of fuels such as CNG and propane were also favored as a 
way of meet both clean air objectives, as well as economic 
development goals. 

The recommendations of the Task force were given statutory 
authority through the passage of House Bill 1305. 
House Bill 1305 authorized the Colorado Clean Vehicle Fleet 
Program, which will conform with the federal Clean Fleet Fuels 
Program mandated by Clean Air Act Title I, Part D and Title 11, 
Part C , 1990. 
The Colorado program will affect fleets with 10 or more vehicles 
in the Denver-Boulder CO non-attainment area. Colorado is the 
only state participating in the Clean Fleet Fuels Program Strictly 
due to having a carbon monoxide non attainment area. Other states 
which have areas required to implement this program, and are in 
nonattainment for carbon monoxide, are also nonattainment for 
ozone. 

By House Bill 1305, the Colorado Air Quality Control Commission 
was given the authority to promulgate rules and regulations for 
the implementation of this program. At the present time, the AQCC 
is preparing a regulation which will implement the program. 

House Bill'1305 also authorizes the establishment of a mechanic 
certification program for vehicle conversions, and authorizes the 
establishment, but does not fund, an alternative fuels rebate 
program authorized to rebate up to half the cost of a vehicle 
conversion, or the alternative fueled vehicle premium on new 
vehicles. Such vehicles must demonstrate that reductions in 
carbon monoxide emissions, as well as for fine particulate matter, 
visibility pollutants will be achieved. 

The task force also 

Other Activities 

As in other states, there is also much activity being conducted 
through federally funded pilot programs, such as the Regional 
Transportation District operation of five large over the road 
methanol fueled transit buses, as well as large and smaller CNG 
powered buses. The U.S. Government Accounting Office is also in 
the process of obtaining a fleet of methanol flexible fueled 
automobiles. Coors brewing is operating an ethanol powered semi- 
truck tractor and a fleet of propane powered vans. Many other 
private and governmental fleets are also now operating CNG or 
propane powered vehicles. 

The National Renewable Energy Lab is in the process of developing 
ways of lowering ethanol production costs. The Colorado School of 
Mines has established a heavy duty emissions laboratory, and 
colorado State University has established a light duty emissions 
laboratory which are both measuring motor vehicle emissions from 
alternative fueled vehicles. 
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Conclusion 

Presently almost all transportation fuels used are derived from 
oil. Increaeingly that oil is imported. In 1990 it is estimated 
that close to half of all oil consumed in the United States was 
imported. With consumption increasing and production decreasing, 
it is expected that by the year 2010, approximately 70% of all oil 
consumed in the United States will be imported, if the measures in 
the National Policy Act are not implemented. 

New federal clean fuel requirement8 will pose a significant 
challenge to states in the future. New alternative fuel 
infrastructures will have to be created. New motor vehicle 
designs will also be needed to utilize those fuels for maximum air 
quality and vehicle performance benefit. The potential is there 
to take advantage of the different characteristics of the new 
clean fuels to lower vehicle emissions as well as develop secure 
supplies of North American produced fuel. 
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OXYGENATED GASOLINE-THE CALIFORNIA EXPERIENCE 

D a n  C. Sirnemth and Jose Gomtx 
California Air Resources Board 

2020 L Street 
P.O. Box 2815 
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KEYW'ORDS: Oxygenated Gasoline. California wintertime oxygenates regulations, gasoline oxygen content 

ABSTRACT 

The Air Resources Board (ARB) adopted regulations in December 1991, which require that gasoline contain 1.8 
to 2.2 weight percent oxygen during specified months. The regulations were adopted in response to the Federal 
C lan  Air Act Amendments of 1990. California's wintertime oxygenates program was implemented November 
1 ,  1992. The use of oxygenated gasoline reduced ambient carbon monoxide concentrations by six to ten percent 
during the first implementation season. The wintertime oxygenates regulations sunset February 29, 1996. At 
that time, the wintertime oxygen content requirement becomes part of the Phase 2 reformulated gasoline 
regulations. 

INTRODUCTION 

This paper summariles the California wintertime oxygenates regulations and discusses California's experience in 
implementing these regulations. 

In response to the requirements of the federal Clean Air Act Amendments of 1990 (Act), the ARB adopted 
regulations in December 1991, which require that gasoline contain 1.8 to 2.2 weight percent oxygen during 
specified months. These regulations were implemented on November 1, 1992. Because California's regulations 
differ from the federal requirements, the ARB requested a partial waiver under section 21 l(m)(3) of the Act. 
The U.S. Environmental Protection Agency (U.S.EPA) is currently reviewing ARB'S request for a waiver. 

Based on our review of the program's first implementation season, the Board approved minor modifications to 
the regulations on September 9, 1993, which are intended lo provide additional flexibility to those required to 
comply with the regulations. while not compromising the overall effectiveness of the program. 

BACKGROUND 

The Federal Requirements 

The Act requires states with carbon monoxide (CO) nonattainment areas lo implement oxygenated gasoline 
programs in these areas. In most cases, the states' program must require that gasoline sold in the 
nonattainment areas have an oxygen content of at least 2.7 weight percent, during the specified months. The 
states are required to submit their oxygenated gasoline regulations as a revision to the State Implementation Plan 
(SIP). The U.S.EPA identified eight areas in California in which an oxygenated gasoline program is required, 
including: the Chic0 Metropolitan Statistical Area (MSA), the Sacramento MSA, the SM Diego MSA, the 
Modesto MSA, the Fresno MSA, the Stockton MSA, the San Francisco-Oakland-San Jose Consolidated 
Metropolilan Statistical Area (CMSA). and the Los Angeles-Anaheim-Riverside CMSA. The EPA also 
specified the control period applicable in each of the affected areas'. The control periods are listed in Table 1. 

ARB's Actions to Comply with the Act 

In response to the requirements of Section 211(m), the ARB promulgated oxygenated gasoline regulations 
following a hearing on December 12, 1991. The regulations were submitted as a revision to the SIP in October 
1992. The wintertime oxygenates regulations sunset February 29, 1996, after which the year-round oxygen 
content requirements in the ARB'S Phase 2 reformulated gasoline regulalions will go into effect. Because over 
70 percent of the gasoline used statewide is consumed in the U.S.EPAdesignated areas, the Board made the 
wintertime oxygenates regulations applicable statewide. Additionally, the Board concluded that a statewide 
program simplifies enforcement and maximizes the CO emission reductions achieved in the nonattainment areas. 

In setting the standards, the Board determined that while requiring the 2.7 weight percent oxygen content 
mandated by the Act would result in greater CO reductions it would also result in increased emissions of NO,. 
An increase in NO, emissions would interfere with efforts to attain the ambient air quality standards for 
particulate matter (PM,J, nitrogen dioxide (NO3 and ozone. Therefore, the Board established a minimum and 
maximum oxygen content requirement at 1.8 and 2.2 weight percent. respectively. 

The Board has requested that the U.S.EPA partially waive the minimum oxygen content requirement of 2.7 
weight percent specified in the Act. Section 211(m)(3)(A) of the Act directs the U.S.EPA to waive the 
requirement for MY area where the state demonstrates that the use of oxygenated gasoline would prevent or 
interfere with the area's, attainment of an ambient air quality standard for any pollutant other than CO. 

IhlPACT OF OXYGENATED GASOLINE ON MOTOR VEHICLE EMISSIONS 

Adding oxygen to gasoline affects the properties of gasoline in both performance and emissions. Generally, the 
oxygenates used today are ethanol and methyl tertiary butyl ether (MTBE). Over the past several years. there 
have been a number of test program conducted to evaluate the impact of oxygen content on emissions. In the 
process of developing the wintertime oxygenates regulations, we evaluated all of the studies available to us at 
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the time and concluded that oxygen content in gasoline greater than 2.2 weight percent would increase. NO, 
emissions from motor vehicles23". In general. NO, emissions increase as oxygen content increases. 

Since the adoption of the wintertime oxygenates regulations and the Phase 2 reformulated gasoline regulations. 
we have heen working to develop a predictive d e l  to estimate emissions from alternative gasoline 
formulations that might be used in the vehicle fleet. As pari of our waiver request lo U.S.EPA, we used a draft 
version of the predictive model to evaluate the emissions characteristics of the most likely gasoline formulation 
that would be produced under the federal program'. 
analysis conducted by Turner Mason and Company for the Western Stales Petroleum Association. It should be 
noted that variations in the gasoline kormulations actually produced will influence the actual impact on NO, 
emissions. Figure 1 shows the estimated impact on NO, emissions for the different vehicle technology groups. 

RATIONAL FOR LIMITING THE OXYGEN CONTENT OF GASOLINE 

Emissions Inventory 

This gasoline formualtion was developd as part Of an 

Motor vehicle emissions are a major source of pollutant emissions, iacluding CO. hydrocarbons (HC), and NO.. 
HC and NO, are precursors to owne and PM,,. Figure 2 shows that in 1987 emissions from on-road gasoline 
motor vehicles constituted about 57 percent of the total CO inventory, 35 percent of the VOC inventory. and 38 
percent of the NO, inventory. Gasoline vehicles accounted for about 36 percent of the PM,, precursors. 

Air Quality in EPA-designated Areas 

Both the owne and PM,, standards are exceeded in all EPA-designated areas during some time in the control 
period. Figure 3 shows the average number of days the state ozone standard was exceeded during the period of 
1987 through 1990 for five air basins (which contain all of the U.S.EPA designated areas). Figure 4 shows the 
average percent of PM,, observations exceeding the state slandard. Because violations of the standards for CO, 
NO2, owne, and PM,, can occur simultaneously, it is critical that ths efforts lo reduce CO emissions don't 
increase emissions of the other pollutants. 

As ~ o t e d  earlier, use of gasoline with oxygen content greater than 2.2 weight percent would result in larger CO 
reductions of CO emissions, hut it would also increase NO. emissions. Thus, it is critical to balance the need 
for CO reductions and the need to avoid NO. increases. California's oxygenated gasoline regulations were 
designed to balance these competing effects. 

ARB'S EXPERIENCE IMPLEMENTING THE OXYGENATED GASOLINE PROGRAM 

Implementation h u e s  

During the first implementation period of the wintertime oxygenated gasoline program, sfaff became aware of 
various concerns regarding the application of the wintertime oxygenates regulations. After evaluation of the 
program, staff proposed several minor modifications to the regulations which were adopted by the Board on 
September 9, 1993'. The modifications include changing the control period applicable in the San Luis Obispo 
County, allowing the distribution of gasoline containing greater than 2.2 weight percent oxygen during the 
transition period, providing a one pound per square inch Reid vapor pressure exemption for ethanol blended 
gasoline produced during the calibration of blending equipment, and providing an exemption for small gasoline 
retailers that obtain their gasoline from areas outside California, if they meet specified conditions. These 
changes are intended to provide industry with additional flexibility in complying with the regulations, while 
maintaining the effectiveness of the regulations. 

Air Quality Improvements During the 1992/93 Winter 

Results of an analysis of CO, NOx, and HC ambient air quality data collected at nine monitoring stations during 
the November 15. 1992 through Januarry 31, 1993 period indicates that concentrations of CO were significantly 
lower than past winters'. Although the 1992193 winter had very favorable meteorology. we believe some of the 
reduction in CO concentrations are due to the use of oxygenated gasoline. 

A linear regression analysis was done on the available data for the winter periods of 1985/86 through 1991/92 
to characterize trends for the three periods 6 lo 9 am. ,  6 to 9 p.rn., and daily mean concentrations. The 
regression equations were used lo compute the expected concentralions for CO. NO,, and HC for the 1992/93 
winter. The actual values for 1992193 winter were divided by the expected values derived from the regression 
analysis. 

The ratio of the 1992193 actual concentrations to the expected concentralions were 72 percent for CO and 78 
percent for NOx, respectively. The ratios of the NO, concentrations were assumed lo characterized the 
atmospheric dispersion during the winter 1992/93. Thus, the difference between the CO ratios and the NO, 
ratios was attributed to the use of the oxygenated gasoline. The analysis indicates that the use of Oxygenated 
gasoline accounted for about a six to 10 percent reduction in CO concentrations. Figure 5 shows a summary of 
the ratios of actual to expected the concentrations of CO and NO.. ' 

CONCLUSIONS 

California has successfully implemented its oxygenated gasoline regulations applicable in the winter months 
which has resulted in significant reductions of carbon monoxide emissions from motor vehicles. Although the 
regulations require a lower oxygen content than the minimum 2.7 weight percent specified in the Act, the 
regulations have been effective in reducing CO emissions. Minor modifications were made in September 1993 
to address concerns raised during the first implementation season. 
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California’s wintertime oxygenates regulations will help bring all CO nonattainment areas into compliance with 
the co ambient air quality standards by the statutorily require deadlines. Additionally, the Phase 2 
reformulated gasoline regulations which will become effective in March of 1996, will result in an additional CO 
reduction of about five percent. 
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Abstract 

Starting in the winter of 1987-1988, Colorado instituted an 
oxygenated gasoline program to control winter-time carbon monoxide 
emissions from motor vehicles. As a result of this and other air 
quality programs, as well as fleet turn over, the number of days 
exceeding the federal carbon monoxide standard has been reduce 
from 32 days in 1986 to 5 days in 1992. 

The Colorado Department of Health estimates that for the winter of 
1992-1993, carbon monoxide emissions from motor vehicles were 
reduced by 25% on a fleet wide basis. This reduction is credited 
with preventing a possible four additional high pollution days 
from occurring. The use of these gasolines increased the cost of 
gasoline in the Denver area by 3.5 cents per gallon. 

Introduction 

The Front Range area of Colorado is subject to numerous carbon 
monoxide (CO) high pollution episodes each winter. These are 
produced by the interaction of cold temperatures, temperature 
inversions, and carbon monoxide emissions from gasoline powered 
automobiles and trucks, as well as from residential wood burning 
and other sources. Of the total CO emissions, mobile sources 
contribute approximately 85%. 

Elevated carbon monoxide concentrations occur on calm winter days, 
when temperature inversions develop which inhibit the dispersion 
of carbon monoxide produced from motor vehicle traffic and 
residential wood burning. Exceedances of the federal eight hour 
CO standard may result, especially in low laying, high traffic 
volume areas, such as downtown Denver. 

As one of several strategies aimed at reducing motor vehicle CO 
emittions, the Colorado Department of Health (CDH) instituted an 
oxygenated gasoline program beginning in the winter of 1987-1988. 
Implementation of this program resulted from a comprehensive 
vehicle mass emissions test program conducted by the CDH in the 
1980s. 

Vehicle Mass Emissions Testing 

Beginning with vehicle mass emissions testing in the late 1970s by 
the U.S. EPA, and soon after, by the Colorado Department of 
Health, it was noted that gasolines blended with alcohols, such as 
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ethanol and methanol, produced lower carbon monoxide emissions 
than non-blended gasolines (1,2). Later testing involving methyl 
tert-butyl ether (MTBE) blends produced similar results (3). 

The test method used in this program is a mass-emissions test 
called the Federal Test Procedure (FTP). It is used by the U.S. 
EPA to certify emissions for new model light duty cars and trucks. 
In this test, a vehicle is placed on a dynamometer and is driven 
over a simulated driving cycle lasting 1372 seconds. Vehicle 
emissions are collected during this period, and the mass of these 
emissions are determined. 
and hot vehicle starts, accelerations, decelerations, and steady 
cruise conditions, designed to simulate a typical urban commute. 

The driving cycle involves both cold 
i 
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Analyzing mass emissions results from these tests indicated that 
fuel oxygen content, rather than the particular oxygenate, was the 
most important parameter in producing carbon monoxide changes. In 
determining this effect, the CDH examined both linear and 
logarithmic relationships to correlate the mass emissions database 
(4). For the logarithmic models, both positive as well as 
negative curves could be fitted to the data, depending on the 
individual study analyzed. Because of the differences in 
curvatures, as well as because the linear model fit equally as 
well as the logarithmic models, a linear model has been adopted in 
describing the CO effect of using oxygenated gasolines. 
describes the CDH carbon monoxide FTP mass emissions results using 
the linear model, averaged for oxygen content, and differentiated 
by vehicle emissions control technology class. 

The U.S. EPA and other organizations have also conducted mass 
emission test programs which have corroborated and expanded upon 
the CDH mans emissions testing. In the latest study, the Auto/Oil 
Air Quality Improvement Research Program, fuel composition 
parameters, including oxygen content, have been varied to study 
emissions effects (5). Again, directionally, increasing oxygen 
content was found to reduce carbon monoxide emissions. 

Table 1 

CO Vehicle Emission Reductions 

In analyzing the CO vehicle emission reduction of oxygenated 
gasolines, the CDH relies on the U.S. EPA MOBILE vehicle emissions 
model. Employing this computer model, vehicle emissions from an 
area's motor vehicle fleet can be averaged and estimated. This 
model takes the CO emission reductions seen in the FTP mass 
emissions testing, and applies it across the entire motor vehicle 
fleet, and under different driving conditions. Inputs to the 
model include: vehicle age and distribution, speed, road type, 
time of day, and area type. 

Utilizing the present MOBILE Sa emissions model, the CDH estimates 
that in the winter of 1992-1993, carbon monoxide exhaust emissions 
from motor vehicles, in the Front Range area, were reduced by 
26.6% in October and November, and by 24.9% in January and 
February (6). Reductions in ambient CO concentrations are less, 
since mobile sources are not the sole eource of CO emissions, and 
concentrations are dependent on the rates of production and 
d ispers ion. 
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concrlbutirig to the effectiveness of the 1992-1993 program was the 
increased percentage of ethanol blended gasoline sold along the 
Front Range area. Ethanol blends made up 45% of the total 
gasoline sales of this winter, compared to 20% the winter before. 
When blended at the 108 vol. level, ethanol blends have a higher 
oxygen content than 15% MTBE blends (3.5% VS. 2.7% ut.). A higher 
oxygen content produces a greater average CO reduction. 15% vol. 
MTBE blends constituted the balance of the oxygenated gasoline 
sold. 

During the winter of 1992-1993, the average oxygen content of the 
Front Range gasoline pool'was 3.0% percent in November and 
December, dropping to 2.8% for January and February, when a new 
I.R.S. ruling took effect, permitted the blending of ethanol at a 
reduced level (7.8% vs. 10% vol.). 

I 

Air Quality 

In terms of ambient air quality, there were five exceedances of 
the 9ppm eight-hour average national ambient air quality standard 
(NAAQS) for CO in the winter of 1992-1993. An additional four 
possible exceedances were prevented because of the use of 
oxygenated gasolines (6). Figure 1 documents the daily 8-hour 
maximum reading for the winter of 1992-1993. The lower clear bar 
represents monitored values. The solid dark bars represent 
estimated concentrations, if oxygenated gasolines were not used. 

For the calendar year 1992, there were five days exceeding the 
NAAQS &hour average CO standard, a declined from 32 days in the 
calendar year of 1986. The continuing reduction in CO exceedances 
as shown in Figure 2, is due to a continuing decline in CO 
emissions due to fleet turn over, the use of oxygenated gasolines, 
vehicle inspection and maintenance programs, and no woodburning on 
high pollution days, as well as favorable weather conditions. 

costs 

The Colorado Department of Health analyzed the costs associated 
with the 1992-1993 oxygenated gasoline program. The costs of base 
gasoline, Oxygenates, transportation costs, as well as octane and 
butane credit savings were examined to determine oxygenated 
gasoline costs. These were then compared to the differential 
costs observed between oxygenated and non-oxygenated gasolines 
Denver RACK prices received from the Oil Price Information 
Service. Retail prices were also observed. 

For the winter of 1992-1993, the average cost of gasoline 
increased by three and a half cents per gallon because of the 
Oxygenated Gasoline Program (6), a similar amount as for previous 
season's program. This cost represents increased refiner and 
blender costs due to oxygenate blending and does not take into 
account any changes in vehicle fuel economy. 

While the average cost associated with blending oxygenates 
remained the same as the previous winter, the cost of gasoline 
blended with ethanol rose slightly. Average program costs 
remained similar to the 1991-1992 season however, because the 
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market share for ethanol blends increased, and ethanol blended 
gasoline costs remained below MTBE blended gasoline costs (2.75 
centsfgal. VB 3.75 centsfgal.). 

supplies 

This year over 360 million gallons of oxygenated gasoline were 
sold along the Front Range during the oxygenated gasoline program 
period (November 1 ,  1992 through February 28, 1993). Statewide, 
over 500 million gallons of gasoline (much of it oxygenated) was 
sold during this period. 

Fuel Economy 

Oxygenated gasolines have a small affect on fuel economy at high 
altitude. CDH fuel economy testing conducted during vehicle ma88 
emission FTP testing, has 'shown on average, fuel economy 
reductions of up to 1.5% for some vehicle classes to slight 
increases of less than 1.0% for other motor vehicle classes. 

Oxygenated gasolines lean the air to fuel ratio of a vehicle, 
increasing the engine's efficiency and in some older vehicles 
slightly improving fuel economy. Oxygenated gasolines have a 
slightly lower heating value though, which may decrease fuel 
economy in some vehicles, especially vehicles equipped with the 
latest oxygen sensors and feedback fuel injection. Altitude and 
the partial pressure at Denver (5280 feet) may also lessen fuel 
economy impacts of oxygenated gasolines. Table (2) gives CDH high 
altitude fuel economy test results for three types of emission 
control technologies, using 11% and 15% HTBE blends, and 10% 
ethanol blends. 

Conclusions 

Based on mass emissions testing, using the Federal Test Procedure, 
oxygenated gasoline have been demonstrated to decrease carbon 
monoxide emissions from gasoline powered motor vehicles. This 
decrease is related to oxygen content, and varies according to 
vehicle emission control technology class and vehicle operating 
modes. For the FTP, based on a linear oxygen effect, oxygenated 
gasolines decrease exhaust CO emissions by 4.83% to 6.45% for each 
one percent oxygen content, by weight, the gasoline contains. 

Using the U.S. EPA MOBILE Sa motor vehicle emissions model, the 
CDH estimates that carbon monoxide emissions were reduced by 24.9 
to 26.6% in the winter of 1992-1993. As a result of this and 
other air quality programs, as well as fleet turn over, the number 
of days exceeding the federal carbon monoxide standard has been 
reduce from 30 days in 1986 to 5 days in 1992. The use of these 
gasolines increased the cost of gasoline in the Denver area by 3.5 
cents per gallon. 
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Figure 1 

Winter-time CO Concentrations 
With and Without Oxygenated Gasoline 
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TABLE (21 

FUEL ECONOMY EFFECTS 

CDH FTP Ileanured 
VEHICLE lu.1 Kco- Change 

TECHNO-I 

111 MTBB 151 MTB6 108 ethanol  
s Y I 

non-c.ta1y.t tO.BZ8 t0.218 +0.118 

c.ta1y.t +0.84\ tO.188 t0.338 
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Abstract 

The enthusiasm for using alcohols as alternate fuels in internal combustion engines (ICE) 
has been accelerating since the middle of 1970 and reached its peak by the middle of 1980. 
This was due to the serious effect of the exhaust emissions from automotive engines powered 
with oil-derived fuels coupled with a market rise in the cost of oil-derived fuels. Since then, the 
cost of oil has been decreasing and the need for alternate fuels has begun to slow down due to 
this economical reason. Alcohols are excellent fuels since they can be produced from renewable 
resources and their impact on health and the environment is limited. They are favorable for 
IC engines because of their high octane rating, burning velocities, and wider flammability limits. 
Experimental research and in-use applications showed drastic reduction in carbon monoxide 
(CO), particulate matter (PM), and moderate reduction in hydrocarbon (HC). Adverse effects 
on nitrogen (NO,) and aldehyde (CHO) were also noticed. 

Introduction 

It is worth all of our efforts and dedications in order to become an energy-environment 
conscious nation. The attitude of increasing the stringent restrictions on pollutant emissions 
from automotive engines, the urgency for fuels derived from renewable sources, and the 
awareness of the expected rise in the price of oil-derived fuels in the future, have been the main 
motives of the 1990 Clean Air Act Amendments (CAAA) and the Energy Policy Act of 1992 
(EPACT), Appendix A. Both acts are mandating the procurement of alternative fuel vehicles 
(AFV's) as well as imposing stringent exhaust gas emissions standards. 

In the United States, the consumption of petroleum products exceeds the production rate 
of this strategic material. Meanwhile, the relaxation of the domestic companies to discover new 
oil fields because of the cheap surplus oil that is available in the international market, and the 
opposition from some environmentalists to explore new oil fields in the costal areas has been one 
of the major factors in creating the United States' negative balance of trade with other countries. 
Since new, revolutionary, non-traditional power plants are unexpected, and increasing demand 
is unavoidable as well, in the next few decades, the traditional IC engines will remain the prime 
power mover in our society. It took almost a century to develop the existing ICE, the oil 
refineries, and the distribution infrastructure. Huge investments have been dedicated for this 
business and they should be protected. 

Alcohol fuels such as methanol (CH,OH), ethanol (C,H,OH), iso-butanol (C,&OH), 
methyl-tertiary-butyle-ether (MTBE), ethyle-tertiary-butyle-ether (ETBE), have proven to be 
excellent octane booster and blend with the traditional fuels, gasoline and diesel, and require 
minor engine modifications. 

As stated in the National Energy Strategy in February, 1992, "The U.S. fleet of more 
than 185 million cars, buses, and trucks consume two-thirds of the oil used by the United 
States." In 1991, almost 50% of the oil consumed in our country was imported and it is 
expected that this percentage will increase up to 61% by the year 2010. The transportation 
system is consuming 63% of total U.S. oil consumption. The cost of damage to the environment 
caused by the exhaust gas emissions ranges from $1 1 billion to as high as $187 billion, (1). The 
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aforementioned scary statistics have led the U.S. Department of Energy’s (DOE) Office of 
Transportation Technologies (OTT), through its Office of Alternative Fuels, to support 
innovative-cost-effective methods to produce and implement alternative fuels and achieve greater 
penetration into the marketplace. Details of the production plan is explained in Appendix B. 
Among the alternate fuels are reformulated gasoline (RFG) additives such as ethers (oxygenated 
fuel additives), methanol, and ethanol. Higher alcohols, such as iso-butanol, were not mentioned 
because of their higher cost of production and lack of political support when compared to 
methanol and ethanol. 

The Rationale for Alternate Fuels 

Two main reasons justify the use of alternate fuels; the finite unrenewable supply of 
crude oil, and protection of the environment from the increasing ozone (photochemical smog) 
as well as the greenhouse effect. Since crude oil is cheap and available, demand for the use of 
alternate fuels will be realized in the long-term strategy. Protecting the environment is the short- 
term demand as was proven by the debate associated with the Clean Air Act Amendment in 
1990. Use of alternate fuels in association with the new engine technology has the potential to 
reduce the harmful pollutants that cause damage to the environment. 

Why Alcohol Fuels 

There is no miraculous, super fuel that will satisfy all the requirements of cost 
effectiveness, maximum thermal efficiency, and engine performance, and still remain clean 
enough to protect the environment. Every fuel has advantages and disadvantages, and selection 
of a particular fuel is a function of different parameters including the physical properties of the 
fuel as shown in Table 1 (3). If we start with the disadvantages of the alcohol fuels, they might 
be summarized as follows: 

1. The economics of production. Unless the cost of alcohol production from 
renewable resources is made cost-effective, there will be no demand for it. 
These alcohols could be produced from biomass, coal, and natural gas. 

2. Flame visibility of alcohol is difficult to be detected, which might be hazardous. 
The lack of visibility is due to the small number of carbon atoms present in the 
alcohol. Since there is very little carbon, there is no soot formation to give the 
flame color. 

3. Cold startability problems. Due to their low vapor pressure, high latent heat of 
vaporization, and single boiling point, alcohols, especially ethanol, have difficulty 
meeting industry standards for starting in cold weather. 

The last two of these disadvantages, however, can easily be solved. By the addition of a small 
amount of gasoline to the alcohol mixture, a more visible flame will be produced and the effect 
of cold weather on engine startablity can be brought well within the industry standards. 

Although there are a few minor disadvantages to the use of alcohol fuels, the advantages 
more than outweigh its easily solvable problems. The advantages are as follows: 

1. Methanol can be made out of organic material such as biomass and municipal waste. 
In the long-term, it could even be made out of coal. The United States has 25% 
of the worlds’ supply of coal, which will be abundant for years to come. 

2. Alcohol combustion produces higher combustion pressures inside the combustion 
chamber of the ICE due to the higher molal prducts to reactants ratio, compared 
to gasoline, which improves power output and thermal efficiency (2). 

gasoline. Increasing the compression ratio of the engine to 12: 1 or higher 
increases power and fuel efficiency by 20% and 15% respectivily (38~4). 

4. Alchols have better combustion characteristics and performance due to the increased 
volumetric efficiency of alcohol fuels, which is why methanol is a preferred racing 
fuel. Acceleration time decreases with power increase. 

5 .  In case of fire, alcohols have higher visibility for escape-rescue, low asphyxiation, 
produce cool flame and low heat output which causes low bums, low smoke damage, 

3. Alcohols have a higher average octane rating {(RON+MON)/2=104} compared to 
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residue is easily washed away, and are extinguishable with water and more readily 
by powders and foams. 
In case of leaks and spillages, alcohols are miscible in water and could be washed 
out with water for quick and easy removal. They are easily metabolized if absorbed 
by the ground. 

7. Alcohol fuels have a lower evaporative emission. Not as many harmful by- 
products will be released into the atmosphere by using alcohol fuels. 

8. Since the carbon content in alcohol fuels is very small, a negligable amount of soot 
is formed and released to the atmosphere when burned in the ICE. 

9. Alcohol fuels are liquids, which make them accessible using the same means of 
transportation and handling infrastmcure of the conventional fuels with minor 
modifications. 

6. 

Alternate Fuels and Environment 

Deterioration in air quality is a vital issue that needs to be seriously monitored and 
limited. The transportation system is a major air pollution contributor due to the exhaust 
emissions such as carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NO,), carbon 
dioxide (CO,), and particulate matter (PM). The transportation system is estimated, by the U. 
S. Enivironmental Protection Agency (EPA), to produce up to 44% of the total hydrocarbons 
emissions inventory in the U.S. The evaporative emissions share 31%. and the balance of 13% 
is from exhaust gas emissions. Production rate of exhaust gases differ from one place to another 
based on different parameters such as the geographic locations, altitude, weather conditions, 
traffic congestion, population, maintenance availability, etc. The greenhouse effect, which is 
caused by thcbroduction of carbon dioxide, has been suspected to cause the global warming and 
its adverse effect on the biological system. Ozone production is due to the chemical reaction 
between nitrogen oxides, hydrocarbons, and sunlight, which is known as photochemical smog. 
LQS Angeles' polluted environment with photochemical smog is a good example, and is 
considered as one of the most non-attainment areas in the nation. 

Implimentation of alternate fuels, in many pilot project over the nation, with dedicated 
and converted IC engines, has a positive effect on carbon monoxide and particulate matter 
reduction. Hydrocarbons emission, which is mainly "evaporative emission" is reduce when 
alcohol fuels are used. This trend is obvious in Table 2, which shows in-use emission 
measurements of regulated pollutants from jet A and neat methanol fuels, for similar vehicles 
and similar engines under transient test conditions. Hydrocarbons data do count the evaporative 
emissions which make up approximately 65% of the hydrocarbons emissions. In another study 
of carbon monoxide under steady-state conditions, wide open throttle (WOT), no load (NL), 
intermidiate load (IL), and full load (FL) are shown in Table 3. Four different fuels-20% ,by 
volume iso-butanol -gasoline blend (BZO), 20% ethanol-gasoline blend (E20), ethanol-gasoline 
blend (20M), and base line gasoline (GAS)-were used. Carbon monoxide emissions from 
alcohol-gasoline blends were lower than that from gasoline, and M20 was the lowest. 

Conclusions 

Why are alcohol fuels still alternate fuels? Apparently, since production and use cost 
of conventional fuels (gasoline and diesel) are very cost-effective, nobody will use alcohol fuels 
except the Federal and State Governments because of the CAAA and EPACT through the AFV's 
programs. What about special fleets of companies, private sectors, and individuals ? We are 
not yet environment-concious users ! 
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Appendix A 

Clean Air Act Amendments of 1990 (CAAA) -- The CAAA requires fleets in 22 urban 
regions to begin operating clean fuel vehicles (CFV’s) by the end of the decade.. Beginning in 
1998, 30 percent of new vehicle purchases by many fleets must be CFV’s. This increases to 
50 percent by 1999 and 70 percent by 2W1. Stringent future emission standards are also 
established for cars, light-suty and heavy-duty trucks, and.buses. 

Energy Policy Act of 1992 (EPACT) -- EPACT establishes requirements for the purchase 
of AFV’s in both public and private fleets. These requirements begin in 1993 for frderal fleets, 
1996 for state and fuel supplier flets,and if necessary, in 1999 for private and municipal fleets. 
P A C T  also provides economic and other incentives for fuel suppliers, original equipment 
manufactureres, and fleet owners. 

Appendix B 

Production of alcohol fuels on developing cost-effective biomass-to-fuel processes. The 
following.strategy has been adopted by the DOE. 

1. Establishing cost-effective techniques for growing the biomass resource. 
2. Developing high-yield, low cost systems for converting biomass to fuels. 
3. Demonstrating alternative fuels(inc1uding methanol, ethanol, and nahlral gas) in 

vehicle fleets across the United States. 
4. Acquiring data on the performance of alternative-fueled vehicles from fleets across the 

us .  
Selection and production of energy crops that have high-yield biomass feedstocks is a primary 
step in the biomass-to-fuel process. Energy crops that can be grown in short-rotation such as 
trees (2-8 years), grasses that can thrive in marginal conditions, and aquatic plants such as algae 
with high oil (lipid) content. Researchers and scientists are genetically manipulating trees and 
grasses to increase yield which would produce more alcohol in less time. 
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Table 1: Properties of Fuels 

Characteristic1 Gasoline I No'1 I 
Diesel fvel Methanol Ethanol Iso-butanol Gasohol 

I 

90% Unleac 
Chemistry Gasoline 10 

Mixture of Mixture of 
Hydrocarbons Hydracarbons 

Ethanol 

Specific 
Gravity 0.72. 0.75 0.82 0.79 0.79 0.81 0.73 - 0.71 
@ 60 F 

Boiling Point 
O F  85-437 360-530 149 173 227 77 - 410 
OC 30 -225 190-280 65 78.3 108.1 25-210 

Net Heating 
Value (Mass) sL: 18.700 

18.500 8.600 11,600 14.W 18.000 
43.5 43 20.1 27 33 41.9 

Net Heating 
Value 

(Volume) 
BTUlgal 117.000 126,000 57,000 76.000 93.000 112,900 

Mlll 32 35.3 15.9 21.3 26 30.9 1 Heat of 
Vaporization 

R N l l b  170 250 500 390 250 200 
W/kg 400 600 1.110 9M) 578.4 465 
Vapor 

h C S S U E  

@ 1 0 0 F  
psi 9-13 0.05 4.6 2.5 0.33 8-16 
kpa 62 -90 0.34 32 17 2.3 55- I10 

Octane 
Number 
Research 91 - 100 Not 112 111 113 

Note 1 

Motor I 82 -92 I applicable I 91 I 92 I 94 I 
Cetane Not 

Number Below I5 40- 60 Below I5 Below 15 Below 15 a licable 

14.6 6.4 9 11.1 14 
Staich. 

AirlFuel Ratio 

Vapor 

14'6 

11 Flammability I 0.6 -8 I 0.6-6.5 I 5.5 - 26 1 3.5. I 5  I Note2 I Note 3 
Limits 

Colorless, 
viscous 

'( 
light ambei 

Colorless to Colorless to 
Appearance light amber light amber Colorless Colorless 

color color color 

Vapor Moderate Moderate Toric w e n  in Toxic in only Moderace Moderate 
Toxicity irriont irritant small doses large doses irntant irritant 

Note I :  May be the same as gasolme. or add 1.5 or 2 numbers depending on blending practice 
Note 2 :  Values not available 
Note 3: Values not published 
Sources: SAE 820261. SAE 890434. Bosch Automotive Handbook 
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Vehicle Fuel co NOx 
1 Jet A 37.8 32.3 
2 MlOO 22.2 86.5 
3 MlOO 18 19.5 
4 MlOO 25 20.8 

Table 3. Carbon Monoxide Emissions 
from Different Fuels 

0.135 

E 2 0  0.125 0.69 
0.124 0.61 

HC PM 
2.41 0.72 
5.77 0.22 
6.95 0.1 
7.5 0.17 
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DECREASED BENZENE EVAPORATIVE EMISSIONS FROM AN 
OXYGENATED FUEL 
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Key Words: 

ABSTRACT 

A chromatographic head-space analysis was developed to determine the vapor phase 
concentrations of non-oxygenated and oxygenated fuels. The effect of ether 
oxygenates on benzene evaporative emissions was evaluated. A base fuel and three 
oxygenated fuels were prepared to contain 1 volume percent benzene at matched 
volatility levels. Head-space composition for each blend was measured, as a function 
of temperature, to determine the effects of oxygenates on benzene volatility. 
Results indicate MTBE (methyl teff-butyl ether), ETBE (ethyl fert-butyl ether), and TAME 
(tert-amyl methyl ether) each reduce benzene vapor phase concentrations. Benzene 
reductions averaged approximately 14 percent for fuels containing 2.7 weight percent 
oxygen. Reductions were temperature dependent, but not generally dependent upon 
type of ether oxygenate. Significant environmental benefits result from reducing 
benzene volatility and the resulting decrease in evaporative emissions. Benzene is 
classified by the EPA as a known human carcinogen. The 1990 Clean Air Act 
Amendments require reductions in gasoline benzene levels to reduce toxic emissions. 

INTRODUCTION 

The 1990 Clean Air Act Amendments require that gasoline sold in nine of the nation's 
most polluted cities be reformulated to produce less pollutant emissions. Beginning in 
1995, reformulated gasoline will produce 15% less hydrocarbon emissions and 
regulated toxins. Hydrocarbon emissions are a key component to urban smog 
problems. Gasoline toxins reductions are an effective means of reducing human 
exposure risk to known and potential carcinogens. Benzene, a known human 
carcinogen contributes a significant fraction of the regulated emissions of toxins. 

This paper examines the potential of ether oxygenates to reduce benzene evaporative 
emissions. The ether oxygenates under study include: MTBE (methyl-tert-butyl ether), 
ETBE (ethyl-tert-butyl ether), and TAME (tert-amyl methyl ether). An experimental 
program was developed to measure vapor phase hydrocarbon concentrations for both 
oxygenated and non-oxygenated synthetic fuels. Although a synthetic gasoline blend 
is used in this work, we believe conclusions based on the experimental data will 
successfully carry-over to actual reformulated gasoline(RFG). 

EXPERIMENTAL 

Fuel Composition 

High purity oxygenates were used in all fuel compositions to minimize any impact that 
volatile impurities may have on altering head-space composition. Each ether 
oxygenate was freshly distilled immediately prior to use. Test hydrocarbons were 
purchased from Aldrich Chemical Company and were used without additional 
purification. The reported purity of our test oxygenates were z 99.99 % MTBE, 99.9% 
ETBE (without anti-oxidant), and 98% TAME. 

Each batch of test fuel, typically 25 - 50 ml, was carefully blended so that the overall 
blending vapor pressure would be approximately 6.0 psi, assuming ideality. Total 
aromatic concentration in the blend is fixed at 20% toluene and 1% benzene to 
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simulate the RFG requirement of 1995. The three oxygenated fuels outlined in Table 
No. 1 were blended to contain 2.7 wt.% oxygen from the addition of either MTBE, 
ETBE, or TAME. 

Table No. 1 Liquid Fuel Compositions 

Components Composition Blending Vapor 
(VO I. %) Pressure 

(PSI 8 1OO'F) 

Toluene 
Benzene , 2,3-DMB 

20.0 
1 .o 

79.0 

5.87 

Toluene 
Benzene 
2,3-DMB 

MTBE 

20.0 
1 .o 

64.0 
15.0 

5.98 

Toluene 
Benzene 
2,3-DMB 
2.2-DMB 

ETBE 

20.0 
1 .o 

37.0 
25.0 
17.0 

5.88 

Toluene 
Benzene 
2,3-DMB 

TAME 

DMB = Dimethylbutane 

Vapor Generation 

A schematic diagram of the Micro Head-Space vapor generating apparatus is shown 
in Figure No. 1. Approximately 25 ml of fuel to be tested is place in a clean and dry 
100 mL volumetric flask. The flask and contents are submersed in a temperature 
regulated water bath to insure accurate and uniform heat transfer. The volumetric flask 
is then fitted with a rubber septum through which is inserted a 1/8 inch stainless steel 
aerator line. This aerator is than attached to a metered ultra high purity helium 
delivery system. A metered amount of helium can be introduced into the head-space 
cavity, if necessary, to charge the sample loop. A thermocouple is inserted into the 
liquid through a second 1/8 inch Teflon@ tube. Equilibrium head-space sample is 
carried through the sample port via diffusion. This fills the 0.3 mL sample loop 
contained in the Valco valve system. The entire system is place in a constant 
temperature oven to reach equilibrium. After the desired temperature has been 
reached in the liquid fuel sample, one hour is allowed to reach equilibrium before a 
head-space sample is taken for gas chromatographic analysis. 

Vapor Analysis 

Effluent head-space sample is helium flushed from the sample loop through a pre- 
heated (120°F) 1/16 inch stainless steel line to the injector port of a Varian 3700 Gas 
Chromatograph. Hydrocarbon and oxygenate analysis is performed on a Hewlett 
Packard PONA 50 meter x 0.2 mrn x 0.5 micron fused silica capillary column. Typical 
vapor analysis is carried out under isothermal conditions at 140°F. All data is collected 
and integrated for analysis on a Fisons Multichrom data acquisition system. The GC 
analysis was done a minimum of three times at each temperature. An average of the 
area percents was then calculated for each component present in the vapor sample. 

A gas sample calibration standard was prepared and analyzed in the following 
manner. A precisely weighted liquid sample of all components was transferred to an 
evacuated one-liter round bottom flask, fitted with a Teflona lined serum cap. We have 
experimentally determined that a Teflon@ lined serum cap is required to prevent the 
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irreversible absorption of aromatic components into rubber septum. The flask contents 
are allowed to equilibrate at atmospheric pressure with ambient air to give a vapor 
sample of known concentration. The mass at atmospheric pressure was well below 
the Components dew point. An aliquot of this vapor sample is then charged directly to 
the sample loop which had been thermally equilibrated to the temperature of the initial 
head-space experiment and then analyzed. Area percents determined in each 
temperature study were then converted to vapor mole percent. 

DISCUSSION 

Head-space concentrations were predicted at 80, 100, and 120°F using UNIFAC-Flash 
Simulations1 on all four test fuels with an ASPEN PLUSTM computer software 
package. These results are shown in Graph No. 1. 

An examination of the computer generated data reveals that all three oxygenates 
suppress the volatility of benzene in the 80 - 120°F temperature range. A linear 
suppression is predicted over the 40°F range for each oxygenate. Overall benzene 
evaporative emissions are reduced an average of approximately 15% over the 
temperature range with MTBE. TAME yields a benzene reduction of approximately 
13%. ETBE yields the lowest benzene suppression of approximately 10%. This data 
from the model strongly suggests that the amount of benzene suppression is 
dependent upon the type of ether oxygenate used with minor temperature effects. 

An examination of the experimental benzene head-space concentration 
measurements obtained in our Micro head-space apparatus is outlined in Graph No. 
2. These experimental results reveal that benzene suppression is independent of 
the type of ether oxygenate used and dependent upon the test temperature. This data 
supports the contention that reduced benzene evaporative emissions is a generic trait 
characteristic of all ether oxygenates. At a constant 2.7 wt.% oxygen content, benzene 
evaporative emissions were reduced an average of 14%, independent of the ether 
oxygenate structure. In general, there is a linear increase (approximately 8%) in the 
amount of benzene found in the head-space during a 40°F temperature increase. 
This trend is in line with our simplistic model of colligative polar solution interactions 
between ether oxygenates with aromatics which is manifested in lower benzene 
evaporative emissions. As the temperature is increased, solution molecules acquire 
sufficient kinetic energy which in turn increases volatility by weakening the colligative 
interaction. 

CONCLUSIONS 

Benzene evaporative emission reduction averaged approximately 14% for fuels 
containing 2.7 wt.% oxygen in the 80 1 120°F range 

Reduced benzene evaporative emissions from an oxygenated fuel appear to be 
independent of the ether oxygenate molecular structure 

J 
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ABSTRACT 

me utility of ethanol as a fuel componenr is hampred by the greater than linear contribution it 
makes to the vapor pressure of resulting fuel blends. Canful measuremmts were made to see whether RVP 
conuot via addilion of pnme resulted in the samc nonline2.r vapor pressure effect BE observed for the umal 
component used to mnml moreover vapor pressure. bume. Within the resolution of the pressure 
me-cments. no difference was delated. The result war the same lor RVP conlrol with a mixture of butane 
and penme. 

INTRODUCTION 

The Clean Air Act Ammendments o f  1990 require the production o f  reformulated gasoline 
(WG) for ozone non-attainment areas starting in 1995. Volatility of RFG is a concern because of 
two requiremenrs o f  the law and associated regulations: 

RFG must contain at least 2.0 weight percent oxygen from alcohol or ether. 
Performance standards include reduction in both volatile organic compounds (VOC) and 
toxic emissions and must not increase nitrogen oxides. 

- 
These requirements attempt to drive alcohol concentration in opposite directions under some 
circumstances. Some oxygenates, including ethanol, increase volatility and in turn cause an increase 
in evaporative VOC emissions. The contribution of ethanol to volatility of gasoline blends is higher 
than would be expected based on the pure component vapor pressure of ethanol. Diluted in a 
predominantly hydrocarbon mixture as in gasoline, the ethanol loses the hydrogen bonding enjoyed 
by the OH- groups in the neat liquid and exhibits a nonlinear or excess vapor pressure. 

In the last year, casual observations in various places refocused attention on the factors which 
affect vapor pressurc of ethanol in gasoline blends. Specifically the differential of butane versus 
pentane RVP conml  in gasohol mixtures was of interest. The current work used careful 
measurements of RVP interactions of butane with ethanol or pentane with ethanol in unleaded 
gasoline to demonstrate ethanol's vapor pressure behavior. 

PROCEDURES 

A commercial gasoline (regular, summergrade purchased in San Antonio. Texas) was 
depcntanized for use as the base stock in a test of RVP for several ethanoVgasoline mixtures. 
Depentanired gasoline was selected as the starting material to provide a full range of hydrocarbon 
types with which ethanol might interact to lower or raise the RVP of the blend. The experimental 
mixtures of base stock were made with butane alone, with pentane alone, or with butane and pentane 
10 target RVP's (at standard IWF) of 7 PSI and 8 PSI. These blends and the base gasoline were 
mixed with ethanol at 10 V%. This matrix is described in Table 1. 
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Base 
Gasoline 

1.14 

I 

Butane Blends Pentane Blends c4 + c, 
7 RVP 8 RVP 7 RVP 8 RVP 8 RVP 

1.20 1.15 1.25 I 1.10 0.94 

The work was done in a laboratory cold room (ambient temperature 35'F) with USP ethanol, 
reagent pentane, and commercial grade, normal butane. The cold lab was inherently dry, but no 
special precautions were taken to measure or  conml water content of the blends. The 8 RVP blends 
were made first and RVP was measured manually by ASTM D323. Later when the 7 RVP blends 
were made, both 7 and 8 RVP blends were measured by ASTM DS191 which is an automatic. 
instrumental method for RVP measurements using a Petrolab Grabner vapor pressure tester. 

RESULTS 

The results arc conclusive, showing the differences in RVP highlighted in Figure. 1. The bars 
represent RVP with and without ethanol, and for 8 RVP samples. the D323 and DS191 results were 
averaged. For every case studied, the ethanol produced an increase at IWF (standard RVP 
temperature) around the average 1.13 PSI. 

The behavior shown by the flat RVP difference line in the butane and pentane plots Figures 2 
and 3, indicates that identity or concentration of the high volatility component(s) does not affect RVP 
(within the repeatability of the method, 9 . 1 6  PSI). For measurements at 70'F and 130'F. the 
differences in vapor pressure are proponionately scaled as shown in Figures 4 and 5. ?he RVP 
differences cluster around 1.13 to  1.25 PSI at IWF, the temperature at which the target blend 
compositions were calculated. 

SUMMARY 

' 

No trend arising from identity of pressurizing agent (butane, pentane, or their blends) was 
observed in the vapor pressure increase arising from the IO V% ethanol addition in the gasoline 
samples tested. The results for RVP difference with and without ethanol are as follows: 
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TABLE 1. RVP Mrasummnw Ethanol + Base Gasoline 
Wilh or Without Butane or Pentane 

RW Estimates by ASTM DS191 
(Mini-Method gives RVPE i0.12 PSI) 

Composition Sample Tempraturc 

Lkscnprion 

Dcpniaruled Gasoline I 

S i m u l a t e d  c, '', 
B R V P  I C, G a s o l i n e  c, 

8 RVP 
Sam les 

e t h a n o l  
J V% 

with b a s e  
g a s o l i n e  

B l e n d  2 

B l e n d  3 

B l e n d  4 

tpcnimiled Gasoline 1 

with IO V% Ethanol 

Samples f 
10 V% 

B l e n d  10 

Blend 3 90VI 

Blend 4 90% 

94.83 1 5.. I V% 
.- 1 0 1 Blend 9 1 4.03 I 7.W I 11.38 

I 

I 

Calculafed from Manual ASTM D 323 
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FIGURE 2. RVP VS. PERCENT BUTANE (100) 
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FIGURE 3. RVP VS. PERCENT PENTANE (100 ) 
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ABSTRACT 

New diesel engines and fuels are required to meet stricter world-wide emission 
standards. Challenges include both lower particulate and NOx emissions. MTBE, 
ETBE, and TAME utilization in gasoline results in emissions reductions. Similarly, 
oxygen containing additive use in diesel fuel applications gives substantial particulate 
emission reduction, In combination with diesel ignition improvement additives, a 
typical "on-road 30% aromatic content oxygenated diesel fuel can give an emission 
profile similar to a 10% aromatic California reference diesel fuel. Oxygenate selection 
criterion and emission reductions in heavy duty engines are detailed for several 
commercial P-series glycol ethers and for a new ether oxygenate, di-fbutyl glycerol. A 
_ _  di-1-butyl glycerol product mixture is prepared by etherification of glycerol available as 
a by-product from commercial biodiesel manufacture. Various strategies for 
oxygenate use to enhance diesel fuel performance are discussed. 

INTRODUCTION 

The trend toward low emission diesel fuels is growing worldwide. In the United States, 
Clean Air Act legislation will mandate reduced particulates in 1994 and lower NOx 
emissions in 1998. Emission reductions beyond these targets will require a 
combination of new engine technology, additives, and reformulated diesel fuels (1). 
The production of economically viable low emission diesel fuels will remain a 
substantial challenge into the years to come. Oxygenated diesel fuel may offer one 
possible solution. 

Oxygenate utilization to produce "cleaner burning" diesel fuels has been known for 
over fifty years. Oxygenates are well known to reduce particulate emissions. Low 
molecular weight alcohols, such as methanol, ethanol, and !-butyl alcohol, have been 
reported to reduce emissions (2). Higher alcohols (3), carbonates (4), diethers (5). 
such as diglyme, and various glycol ethers (6) have also been reported. Particularly 
attractive are P-series glycol ethers which contain both an ether and a propylene 
glycol end-group. 

This paper deals with oxygenate selection criterion and emission reductions in 
modern diesel engines. Various application strategies to reduce emissions and 
enhance diesel fuel performance are discussed. ' 

OXYGENATE SELECTION 

Key oxygen selection criterion include: cost, toxicity, environmental impact, fuel 
blending properties, and engine performance. Critical fuel blending properties, which 
were used to screen and identify viable oxygenate candidates, included: high oxygen 
content, diesel fuel solubility, flashpoint, viscosity, water solubility in the resultant fuel 
blend, oxygenate extractability from the fuel, and minimal impact on the natural diesel 
fuel cetane number. 

The oxygenate should be soluble in diesel fuel from 1.0 to 5.0% to achieve maximum 
emissions reduction and improved engine Performance. Above 5.0%, oxygenate cost 
per gallon of fuel treated is prohibitive. A number of high oxygen containing materials, 
such as ethylene and propylene carbonate, and most E - series glycol ethers, which 
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are based on ethylene glycol, were eliminated from consideration due to poor diesel 
fuel solubility. As aromatic content in future reformulated diesel fuels is reduced from 
35% to 10 - 20%, oxygenate solubility in the less polar hydrocarbon fuels will become 
acute. 

The Oxygenated diesel fuel flashpoint needs to be over 520c, as specified by ASTM 
D975, to reduce the transportation flammability risk. Many inexpensive ethers with 
high oxygen content, including MTBE, ETBE, TAME, and DIPE, were eliminated from 
consideration due to the low flashpoints of the resulting 1 .O% oxygenated fuel blends. 
Fuel blends containing 1 .O% or more of inexpensive dimethyl carbonate and diethyl 
carbonate, were also eliminated because the resulting blends had flashpoints lower 
than the target. 

A key issue is how the additive behaves if the oxygenated blend becomes exposed to 
water. Both high degree of water solubility in the fuel blend and high degree of water 
extractability of the oxygenated additive from the fuel are unacceptable. Dimethyl and 
diethyl carbonate both have high water extractability from the fuel. Similarly, most fuel 
soluble E - series glycol ethers are easily extracted and are thus eliminated from 
consideration. p - series glycol ethers, generally, have acceptable partitioning 
characteristics. 

Many intermediate molecular weight aliphatic, cycloaliphatic, and aryl alkyl alcohols 
meet the fuel blending selection criteria. Poly(ether) polyols based on propylene 
oxide or butylene oxide are viable oxygenate candidates. Methyl soyate, which is a 
form of biodiesel, meets selection criterion and was evaluated. Several commercial 
- series glycol ethers and a new glycol ether oxygenate, di-!-butyl glycerol, are 
potentially inexpensive, and meet all the other selection criterion. Diglyme, which is 
associated with health risks, and too expensive to be economically viable, was also 
included in the test program so that benchmark comparisons can be made with 
previous studies. Various emission reduction strategies which utilize oxygenated 
diesel fuel are outlined in this paper. 

OXYGENATED DIESEL APPLICATIONS 

There are many opportunities to use an oxygenated diesel fuel for emission reduction. 
A standard 1993 E.P.A. certification D2 diesel fuel reformulated with oxygenate has 
the potential to reduce emissions from both pre-1991 engines, which are required to 
meet a 0.60 gram I brake horsepower - hour particulate target, and post-1991 heavy- 
duty diesel engines which must meet a 0.25 gram / brake horsepower - hour Clean Air 
Act particulate emissions target. In addition, oxygenated diesel fuel could has the 
potential to benefit 1994 and 1998 heavy-duty diesel engine emission performance. 

To demonstrate operability in older engines, an E.P.A 13-mode emission test was 
conducted in a 1990 Cummins L-10 heavy-duty diesel engine. Results show a 39 
cetane number diesel fuel containing 43% aromatics and 0.25% sulfur, when blended 
with 5.0% GE-C (commercial p - series glycol ether), have the potential to reduce 
particulates emission with little impact on NOx. Similar results are expected in other 
older engines. 

Most of the results reported in this paper focus on oxygenated diesel fuel performance 
in modem heavy-duty diesel engines. Emission testing was conducted in the 
prototype 1991 Detroit Diesel Series 60 CARB certification engine at Southwest 
Research Institute. Hot-start transient emissions, including hydrocarbons, carbon 
monoxide, NOx, and particulate matter, were measured using the standard E.P.A. 
transient test cycle and are shown in Table 1. The reference fuel is a E.P.A. 
certification D2 diesel fuel with a 43 cetane number, 0.037 Wt.% sulfur, and a 31% 
aromatic content. Various oxygenates were blended into this reference fuel at 
concentrations from 1 .O to 5.0%. The cetane number of the oxygenated fuel blends 
were adjusted to 43 using ethyl hexyl nitrate. 

Oxygenates significantly reduce hydrocarbon, carbon monoxide, and particulate 
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emissions, but give a sight increase in NOx emissions. There is little or no increase in 
fuel consumption when an oxygenated diesel fuel is utilized. Results clearly 
demonstrate that reduced particulate matter emissions is a key benefit achieved 
through oxygenated diesel fuel use. In addition, 5.0% GE-C reduces unregulated 
aldehyde and ketone emissions by around 25%. 

Not all oxygen containing additives are effective in reducing particulate emissions. 1- 
Phenyl ethanol and I-cyclohexyl ethanol, for example, do not significantly reduce 
particulate emissions and methyl soyate is only marginally effective. Diethers, such as 
diglyme, and 
particulates. Based on a large amount of data, most of which could not be presented 
in a short paper, it can be concluded that particulate reduction is directly proportional 
to the ether oxygen content of the blended fuel. Results show GE-C at 1 .O wt.% 
oxygen gives around a 15% particulate emission reduction. 

i 

- series glycol ethers; however, are very effective in reducing 

Additive; Oxygen HC c o  
Conc. Content Ref. Fuel Ref. I 
(VOl.%) (Wt.%) Cand Fuel Cand. 

NOx P M  
Ref. I Ref. I 
Cand. Cand. 

IIMBA; 5 1 0.78 10.425 (.029) I 1.852 (.043) 1 4.155 (.032) 1 0.180 (.006) 
0.468 (.059) 1.867 (.045) 4.327 (.087) 0.174 (.002) 

1ICyciohqxyl I 0.68 10.388 (.029) I 1.933 (.088) 14.091 (.027) 10.180 (.005) 
Ethanol' 5 0.466 (.017) 1.994 (.015) 4.181 (.063) 0.177 (.008) 1 0.59 10.392 (.011) 1 2.004 (.029) 1 4.303 (.056) 1 0.182 (.007) 

0.319 ( . O W  1.843 (.127) 4.331 (.097) 0.174 (.006) 
IlDiglyrne; 5 I 2.05 0.421 (.036) 1.939 (.082) 0.174 (.007) 

10.307 (.021) I 1.634 (.033) 1 %A !::::{ I 0.146 (.007) 

0.37 10.424 (.037) 1 1.990 (.086) 14.242 (.102) 10.171 (.002) 
0.395 (.025) 1.920 (.116) 4.239 (.034) 0.163 (.008) 

11 GE-C, 1 1 
0.74 10.433 (.040) 1 1.946 (.08l) 14.159 (.070) 10.183 (.003) 

0.407 (.035) 1.866 (.020) 4.166 (.103) 0.159 (.010) 
(1 GE-C,2 1 

1.82 10.384 (.019) I 1.872 (.034) 14.159 (.045) 10.183 (.004) 
0.291 (.008) 1.568 (.021) 4.235 (.042) 0.154 (.003) 

* Emission testing was conducted In the prototype 1991 Detroit Diesel Series 60 
CARB Certification engine at Southwest Research Institute. 
emissions (hydrocarbons, carbon monoxide, NOx, and particulate matter) were 
measured using the standard €PA transient test cycle and sampling techniques were 
based on 1992 Federal Test Procedures (FTP). The reference fuel Is a standard EPA 
certlflcatlon D2 diesel fuel wlth a 43 cetane number, 0.037 WI.% sulfur, and 31% 
aromatic content. Oxygenates were blended into this reference diesel at the volume 
% Indicated. Emlsslons are reported in Grams I Brake Horsepower - Hour. ( ) is  one 
standard deviation. MBA is  1-phenyl ethanol. GE-C Is a typical commercial - series 
(propylene glycol based) glycol ether. 

Emission regulations are directed at reducing both particulate matter and NOx 
emissions. Table 1 show ether oxygenates reduce particulates, but this particulate 
reduction is typically accompanied by a small increase in NOx emissions. Increasing 
the oxygenated diesel fuel cetane number using chemical cetane improvers, such as 
ethylhexyl nitrate or di-t-butyl peroxide, has been shown to reduce NOx emissions. 
Thus, the oxygenate I chemical cetane improver combination gives a diesel fuel with 
both lower particulate and NOx emissions. Results outlined in Table 2 suggest this 
combination strategy provides an opportunity to prepare an oxygenated diesel fuel 
which will meet current California emission standards. 

Hot-start transient 

318 



t 

I ’  

I 

! 

Table 2 Oxygenated California Diesel Fuel’ 

EPA Base 0.433 1.979 0.174 

Low Arom. 0.143 1.303 3.99 0.153 
Ref. 15 (3.98) (0.159) 

GE-C 8 53 . 0.153 1.225 4.04 0.160 
Peroxide 31 

* Transient protocol and data analysis are identical to those described In Table 1. The 
glycol ether, GE-C, blend concentration Is 2.0% and enough dl-1-butyl peroxide was 
used to Increase the diesel fuel cetane number of the GE-C & peroxide experiment by 
10.0 units. Since a 10% aromatic CARB reference fuel could not be purchased, a 15% 
containing aromatic fuel was used as the CAR0 low aromatlc reference fuel. The 
Coordinating Research Council’s (CRC) VE-1 Model (7) was used to correct emissions 
from the 15% aromatic fuel to CARB certification fuel properties on cetane, aromatic 
content, and sulfur. The number in ( ) Is the adjusted emissions value. Considerable 
CRC data suggests the VE-1 Model is valid for this type of adjustment. 

Effective October 1, 1993 all diesel fuel used in California must have an emission foot- 
print which is equivalent to a low sulfur - 10% aromatic containing CARE reference 
fuel. Southwest Research Institute’s prototype 1991 Detroit Diesel Series 60 engine, 
which is utilized for the oxygenate study, is the CARE certification engine. The 
emissions from an oxygenated diesel fuel, which contains 2.0% glycol ether (GE-C) 
and enough di-t-butyl peroxide ignition improver to increase the cetane number by 
10.0 units, are nearly identical to the “pseudo-CARE” low aromatic reference diesel 
fuel used in this study. These results predicts that a combination of an oxygenated 
diesel fuel and chemical cetane improver provides an opportunity to produce a 
California “alternative” oxygenated diesel fuel with a 31% aromatic content Which has 
an emission performance equivalent to a low sulfur - 10% aromatic CARE reference 
fuel. 

Cost is a significant issue in the preparation of a California diesel fuel. Clearly, a 30% 
aromatic containing oxygenated diesel fuel, which uses commercially available, e - 
series glycol ethers, is more cost effective than using a low sulfur - 10% aromatic fuel. 
Refinery hydrogenation to reduce diesel fuel aromatic content to 10% is an expensive 
option. The strategy used by most refiners is to reformulate with a 20% aromatic base 
fuel using high levels of chemical cetane improver. The California Air Resources 
Board (CARE) indicate costs for qualified fuels of this type will increase the diesel fuel 
costs by five to eight cents per fuel gallon. The oxygenated diesel fuel cost currently 
fits into the upper part of this cost range. Less expensive oxygenates are needed to 
make an oxygenated California diesel fuel a viable option. 

One “non-commercial” oxygenate, which has the potential for reduced cost, is a-1-butyl 
glycerol. A a-1-butyl glycerol product mixture is prepared by etherification of glycerol 
which is available as a by-product from commercial biodiesel manufacture. The 
envisioned strategy is to blend 5% of an 80:20 methyl soyate / a-1-butyl glycerol 
oxygenate mixture with conventional low sulfur D2 diesel to create an inexpensive 
oxygenated diesel fuel. The cost and availability of by-product glycerol is leveraging. 
Biodiesel is a commercial reality in Europe and would provide the best opportunity for 
implementation. 

Coupled with new heavy-duty diesel direct injection engine technology, reformulated 
oxygenated diesel fuels offers a potential option for achieving the 1998 Clean Air 
Act target which mandates a NOx reduction from 5.0 to 4.0 grams / brake horsepower 
- hour. The engine strategy for 1994 is to modify the engine design to give the 0.10 
gram particulate target. Fortunately, NOx, carbon monoxide, and hydrocarbon 
emissions are acceptable. In 1998 engines, an oxygenated diesel fuel, which reduced 
particulates by 15%, would allow the OEM’s to tune less rigorously for particulates. 
thus providing more flexibility on the NOx tuning. 

319 



There are numerous other opportunities to use oxygenates in specialty fuel 
applications where reduced emissions are of interest. For example, transit authority 
buses will use high quality low sulfur D1 or kerosene, particulate traps, and post- 
combustion catalysts to achieve a 0.07 gram particulate target for 1994. The downside 
for these specialty fuels is less power and higher fuel consumption. An oxygenated 
D2 diesel fuel has the potential to provide the same low emissions without increased 
fuel consumption. Other specialty fuel opportunities for an oxygenated fuel include: 
stationary powerplants, underground mining, marine diesel, locomotive diesel, and 
fuels for many smaller volume “off-road applications. 

CONCLUSIONS 

Cleaner burning diesel fuels can be produced through the use of oxygenated 
additives. Carefully selected “commerciall~ available -series glycol ethers, which 
have the desired characteristics, are effective in reducing hydrocarbon, catbon 
monoxide, and particulate matter emissions. The magnitude of the particulate 
emissions reduction is directly proportional to the “oxygen” content of the ether 
oxygenate containing fuel. A combination of a glycol ether oxygenate with a cetane 
improver results in further emission reductions, especially NOx. One application 
strategy for the combination oxygenate I ignition improver diesel fuel formulation is a 
30% aromatic containing oxygenated fuel which has the same emissions performance 
profile as the mandated low sulfur - 10% aromatic California diesel fuels. 
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ABSTRACT 

New low emission fuel technology is needed to meet stricter world-wide particulate 
and NOx emission standards for both “on-road” and “off-road fuel applications. The 
Energy Policy Act of 1992 and the 1993 Executive Order 12844 establish 
clear national goals for the year 2000 and beyond which will reduce petroleum 
derived fuel use and provide greater utilization of alternate fuel vehicles. 
Technologies under evaluation include M85, E85, CNGILPG, biodiesel esters, and 
electric vehicles. Microemulsion diesel fuel technology, which utilizes oxygenates to 
help compatibilize a biomass derived or hydrocarbon petroleum phase and water 
phase, offers strong potential as an alternate fuel option. Oxygenate selection 
criterion, microemulsion fuel formulation, and performance issues are discussed. Fuel 
formulations based on alcohol, glycol, ether, and glycol ether microemulsifying agents, 
which are readily available from world-scale propylene oxide / oxygenated coproduct 
technology, are described. Evaluation results suggest oxygenated microemulsion 
fuels are viable alternate fuel candidates. 

INTRODUCTION 

The trend toward low emission diesel fuels is growing worldwide. In the United States, 
Clean Air Act legislation will mandate reduced diesel particulates in 1994 and lower 
diesel NOX emissions in 1998 (1). A combination of new engine technology, additives, 
and new low emission fuels will be required to achieve these targets. The National 
Energy Policy Act of 1992 and Executive Order 12844 of 1993 establish clear 
national goals for the year 2000 and beyond which will both reduce petroleum derived 
fuel use and ozone forming emissions. ,The Clean Cities program provides the 
framework for implementation which includes greater utilization of alternate fuel 
vehicles. In addition to “on-road applications, there is considerable recent focus on 
“off-road” applications as a major source of particulate and NOx emissions. A 
comprehensive E.P.A. report (2) describes our national problem. A NOx emission 
inventory shows the magnitude of this problem in ozone nonattainment areas. 
Emissions from construction, agriculture, railroads, mining, marine, industrial 
stationary powerplants, airport services, and lawn and garden services all contribute to 
the global NOx problem. New alternative fuel technologies under evaluation include: 
M85, E85, CNG, LPG, and biodiesel esters (3). Microemulsion diesel fuel technology 
also offers great potential for reducing emissions and dependency on oil (4). 

DISCUSSION 

Oxygenate Selection 

Microemulsions are clear, stable, two-phase nanodispersions which readily form upon 
mixing water with an oil phase. Water-in-oil (w/o) microemulsions are comprised of a 
continuous non-polar hydrocarbon phase and a discontinuous aqueous phase. 
Because of the small droplet size (2 to 200 nanometers) of the discontinuous phase, 
these microemulsions appear to be clear, one-phase systems. Microemulsion diesel 
fuel technology uses a microemulsifier to compatibilize a diesel or biodiesel fuel and a 
water phase. The microemulsifier typically contains a surfactant and a compatibilizing 
agent (an oxygenate). The resulting microemulsion fuel, when utilized in conventional 
diesel engines, is “clean-burning”, gives no power loss or increase in fuel 
consumption, and is thermal and shear stable in the fuel handling system. 
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The purpose of the oxygenate is to help solubilize the surfactant in the fuel, adjust the 
properties (Le. viscosity) of the fuel, and possibly contribute to improving the ignition 
properties of the water-containing microemulsion fuel. Oxygenates in the 
microemulsifiers are also required to achieve inorganic salt tolerance, thermal and 
shear stability, and good shelf life. Oxygenates used as microemulsifying agents 
include C alcohols (5), benzyl alcohols (6), and glycols (7). Key issues are 
oxygenate cost, flammability, and impact on stability of the microemulsion fuel. 

The oxygenates must be inexpensive to achieve economics which are competitive 
with specialty diesel fuels. Alcohols, such as methanol, ethanol, and !-butyl alcohol, 
are inexpensive and readily available. Although they all are effective in 
microemulsion fuel preparation, these alcohol microemulsifiers are flammable. Less 
volatile alcohols, such as 1-phenyl alcohol (MBA), eliminate the flash point issue, but 
the resulting microemulsions are more difficult to prepare and have narrower stability 
windows. Clearly, new candidates, which provide stability and less flammable 
microemulsion fuels, are desirable. 

World-scale propylene oxide technology as practiced by ARC0 Chemical Company 
produces 1-butyl alcohol (TBA) and 1-phenylethanol (MESA) as primary coproducts. 
TBA is the precursor to isobutylene, MTBE, and ETBE and MBA is a styrene monomer 
precursor. Using these coproducts as building-blocks, several new oxygenates were 
developed which have application as microemulsifying agents. 

Preparation 

The microemulsions which have been formulated are water-in-oil microemulsions 
made up of four basic components: diesel fuel, surfactant, oxygenates, and water. The 
diesel fuel is a D-2 low sulfur fuel (c 0.5 wt% sulfur, 31% aromatics, 43 cetane number) 
which is commercially available. The surfactant for these formulations is the anionic 
long chain fatty acid Emersol 315. This linoleic/oleic/linolenic acid mixture has been 
neutralized (40% unless noted otherwise in Table I) with monoethanol amine (MEA). 
Oxygenates may be used alone or as combinations of several oxygenated 
compatibilizing agents. The microemulsifiers are formed by mixing the Emersol 315, 
MEA, and oxygenates. 

The microemulsion fuels are mixed in the following order: diesel fuel, microemulsifier, 
water. After mixing the three components, the fuel mixture is shaken and allowed to 
settle. Any sign of phase separation, solid formation, or cloudy appearance over 
several weeks is a negative result. If a clear, single phase system is observed, the 
microemulsion is considered to have formed. Some of the microemulsion fuels 
prepared are listed in Table I. 

Performance 

As shown in Table I, the choice of oxygenate in the microemulsifier has a major 
influence on the stable formation of a microemulsion diesel fuel. Combinations of 
oxygenates can also improve the ability of the fuel to form stable microemulsions. 
Optimization of the fuels for surfactant concentration will also improve the formation 
potential. Although not specifically shown in these examples, it is expected that the 
character of the different oxygenated compatibilizing agents will change the surfactant 
requirement of the overall microemulsion fuel. This will allow optimization of the fuels 
for cost, water loading and performance. Among the performance issues of 
importance to microemulsion fuels are thermal stability, shear stability, flash point, 
storage stability, engine performance, and emissions. 
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TABLE I 
Microemulsion Fuel Formulationst 

4a I D1 I 34.1 65.9 I + 
4b I D2 I 34.1 65.9(100%) I 
4c 1 03 1 10.0 90.0 (27%) 1 
5 I E 34.1 I 65.9 

33.9 1 66.1 
66.1 7 I G 33.9 I 

1 0 1  J I 34.0 1 66.0 
11 1 K 1 33.8 1 66.2 1 - 
12 i L i 34.2 i 65.8 i - II -~ ~ 

13 I M1 I 34.0 I 66.0 
14 1 M2 I 33.8 I ' 66.2 

I 

i 11 15 I N I 34.0 I 66.0 

16 1 0 1  1 34.1 1 65.9 

t 71 I 19 I 10 vol% 13-2 I ME I H20 fornulation except: Fuel 2: 75.5 I 14.5 I 10 vol% D-2 / 
ME I H20 and Fuel 20: D-2 phase is 95% D-2, 5% of a 80/20 wt% mixture of biodiesel I 
Di-f-butyl glycerol (DTBG). 

* ME is microemulsifier used in the particular formulation. Each letter designates a different 
oxygenate composition. Components of the various microemulsifters will be discussed in 
the presentation. 

'surfactant weight is total of fatly acid and MEA. MEA is added at 40 mol% (40% 
neutralization) unless noted differently by the number in parentheses 

A microemulsion diesel fuel is generally expected to remain stable for several weeks 
in a temperature range between -10°C and 70°C. This range covers most extremes a 
fuel would face either in storage and delivery or in the heat of a modem diesel engine 
fuel delivery system. The fuel must also be stable to the shear forces present in the 
fuel delivery system within a diesel engine. Preliminary results show microemulsion 
diesel fuels containing oxygenates in the microemulsifier phase are thermally and 
shear stable. If the fuel can withstand these conditions in the engine and fuel system, 
the fuels can be used in current engine technology without major modifications. This 
makes microemulsion diesel fuel an immediate possibility as an alternative fuel. 

Fuel flammability is a major concern. The flash point of the fuel must be above 52°C 
(126OF) in order to be transported via pipeline in the US. As well, the international 
flammability standard is 140°F. Depending on the oxygenates chosen, the flash point 
of the microemulsion fuel may be widely adjusted. This is best represented by the 
data shown in Table II. By using combinations of oxygenates, it is possible to optimize 
the microemulsion fuel for stability while providing a fuel that meets flammability 
standards. As an example, fuels 4a and 5 contain the same oxygenate, except in fuel 
5 the oxygenate is in combination with another oxygenate. Fuel 5 is a more stable 
microemulsion fuel formulation compared to fuel 4a, yet still shows an acceptable flash 
point. Another benefit of microemulsion fuels containing a dispersed water phase is 
fire resistance. Studies have shown that a microemulsion diesel fuel can be self- 
extinguishing or will not bum in the presence of an open flame (6). The choice of 
oxygenate will have an influence of this property of a microemulsion diesel fuel. 
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TABLE I1 

MICROEMULSION FUEL FLASH POINTS 

Long term stability is necessary to allow for tank storage of the fuel for extended 
periods of time, especially in some stationary applications. Several of the formulations 
have shown excellent long term stability, including some which are stable for over one 
Year. Some of the stability data is shown in Table 111. 

TABLE 111 
LONG TERM STORAGE STABILITY 

OF MICROEMULSION DIESEL FUELS 

As previously mentioned, microemulsion diesel fuels can be used in current engine 
technology without major modifications to the engine. However, because of the water 
and surfactant concentrations in a microemulsion diesel fuel, some loss of ignition 
properties may be possible (4). The proper choice of oxygenate can reduce or 
eliminate this problem. As well, the aqueous phase of a microemulsion diesel fuel 
offers a way for the ignition properties of the fuel to be augmented with inexpensive 
cetane enhancers. 

Regardless of these other performance issues, microemulsion fuels must reduce 
engine emissions to be a viable option as an alternative fuel. Microemulsion diesel 
fuels are known to reduce both NO, and particulates significantly over standard diesel 
fuels (5). The NO, reduction is believed to occur through the lowering of combustion 
temperatures. This is a result of the higher specific heat of the water and oxygenates 
in the microemulsion fuel. The microexplosion of the water in the discontinuous 
phase, more effectively vaporizing the fuel in the combustion chamber, is believed to 
lower the particulate emissions. Surfactant and oxygenate choice and concentrations 
have an effect on the size of the water micelles in the microemulsion fuel. Therefore, 
the selection of the proper oxygenated compatibilizer can improve the performance of 
the engine toward particulate emissions. 

With these lower emissions, several new options are available as a result of the use of 
microemulsion fuels. First, in stationary applications, the lower NO, emissions from 
microemulsion fueled sources may help offset other more costly and difficult NO, 
emission reduction options. This will be especially beneficial when regional 
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attainment targets are enforced in the near future. Second, a decrease in NO, and 
particulate emissions from a microemulsion fueled engine may allow flexibility to tune 
the engine to reduce other emissions as well. 

C O N C L U S I O N S  

With new emissions goals mandated by the Clean Air Act and other legislative 
mandates, alternatives to petroleum based fuels must be sought. Microemulsion 
diesel fuels are a cost-effective alternative fuel for both “on-road’’ and “off-road’’ 
applications. These fuels offer significantly reduced NO, and particulate emissions 
compared to normal diesel fuel. Microemulsion fuels which contain low cost 
oxygenated compatibilizing agents offer a range of possible formulations for these 
fuels. These new formulations have widely tunable stabilities, flash points, and engine 
performance, depending on the oxygenates chosen. Microemulsion diesel fuels also 
work with the existing engine technology and do not require any changes to the 
engines or the fuel infrastructure. 

Microemulsifier E offers strong possibilities as a component for microemulsion diesel 
fuels. This microemulsifier phase contains a combination of oxygenates that gives a 
fuel which meets many of the requirements for an acceptable alternative 
microemulsion diesel fuel. 
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The final version of the Complex Model for reformulated gasoline (RFG) has now been 
issued with some surprising features that will significantly affect refinery fuel oxygenates 
planning. These include the following: 

The only oxygenates included in the model are MTBE, ETBE, TAME, and 
Ethanol. 

The Complex Model calculates that MTBE and TAME are significantly more 
effective for reduction of air toxics emissions than Ethanol and ETBE. 

The Complex Model calculates that MTBE and TAME typically produce 
about equal reduction in air toxics emissions at the same RFG oxygen content. 

Although gasoline certification by the Complex Model is optional prior to 1998, after 1998 
i t  will be mandatory for both reformulated and conventional gasolines. This paper considers 
refinely oxygenates production in view of these features of the Complex Model for RFG, 
basing the discussion on 2.0 weight percent oxygen content for RFG. 

The Complex Model calculates that MTBE and TAME will be more effective in reducing 
calculated air toxics emissions than ETBE and Ethanol. Although MTBE can be purchased 
on the open market, MTBE production from the isobutylene contained in the FCC/Coker 
C4’s cut is well-established practice, and can provide as much as 15 to 20 percent of the 2.0 
weight percent reformulated gasoline oxygen content requirement for ozone non-attainment 
areas. Emerging high-olefin FCC catalyst technology can increase this contribution to 
approximately 25 percent or more. 

TAME production from the isoamylenes contained in the FCC/Coker C5’s cut is now 
commercial technology, with a number of plants onstream. Recently announced low-cost 
upstream C5 selective hydrogenation technology can reduce TAME production costs, making 
TAME a more economically attractive oxygenate than previously. Applying catalytic 
distillation for TAME production provides yield advantages, and can provide as much as I5 
to 20 percent of the reformulated gasoline oxygen content requirement. Unreacted 
amylenes can flow to alkylation, or other uses. Developmental skeletal isomerization 
technology has been announced for C5 olefins, which could increase TAME yields to provide 
as much as 30 percent or more of the reformulated gasoline oxygen content requirement. 

Overall, use of commercially proven technology for MTBE and TAME captive production 
currently can economically provide about 35 to 40 percent of refinely oxygenates blending 
requirements, based on FCC/Coker olefins sources. Since both MTBE and TAME are low- 
pressure processes conducted in mild steel equipment; existing equipment can be 
advantageously retrofitted to minimize plant investment. 

Although the Complex Model shows less air toxics emissions reduction at a given RFG 
oxygen content, ETBE and Ethanol can play a role in certain RFG blends. It is possible 
with certain refinery configurations to meet mandated reductions in air toxics reduction using 
ETBE or Ethanol to furnish the 2.0 weight percent oxygen content requirement. For these 
refinery configurations, the primary driving force for oxygenates selection will be economics, 
since emissions targets can be met .whichever oxygenate is used, provided the proper 
configuration is chosen. 

High molecular weight developmental oxygenates such as DIPE, IPTBE, and TAEE offer 
potential advantages of high octane and low vapor pressure, plus extended captive 
production from propylene in the case of DIPE. However, these oxygenates are not 
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included in the current version of the Complex Model and special permits to blend them 
into fuels may be required where advantages for their use are anticipated. 

Details of this paper, including Complex Model parametric studies and refinery 
configurations, will be presented at the national meeting. The attached figures are typical 
of those which will be included. 

328 



Figure i 
LOCATION OF NINE MAJOR COVERED OZONE NONAITAINMENT AREAS* 
WHERE EPA RFG STANDARDS WILL BE MANDANTORV STARTING 1998' 

w York. NY. NJ, CT 
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* *  1998 RFG requires 15% redudon in air IoMm and VOC from 1990 Bilreiine Gasoline. 

Figure 2 

Final Complex Model 
IMPACT OF OXYGENATES SELECTION ON CALCULATED AIR TOXICS EMISSIONS 
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INTRODUCI'ION 
Recent announcements of additional sources of oxygenates have generaled considerable interest. 

Increasing demand for methyl ten-butyl ether (MTBE) worldwide, especially in the United States for 
oxygenatcd fuel and reformulated gasoline (RFG), provides the primary incentive for technologies that 
produce additional raw material (namely isobutene) and/or alternative oxygenate compounds. Normal 
butene isomerization and diisopropyl ether (DIPE) are two new processes introduced in 1992 to meet the 
oxygenate demand. 

The U.S. Clean Air Act Amendments of 1990 (CAAA) have created a huge demand for capital. Between 
1991 and 2oM), the US .  refining industry will need to  make capital expenditures of about 537 billion (1990 
dollars) to meet refinery regulatory requirements, and to manufacture reformulated gasoline and ultra-low 
sulfur diesel fuel.(') To obtain financing, whether internally or  from eaernal sources, projects must provide 
sound economics and pose minimal technological risks. These concerns have prevented several large MTBE 
projects, involving both established and new technologies, from going fornard.(*) 

The introduction of normal butene isomerization and DlPE procesws has generated a great deal of 
enthusiasm, but neither process had been licensed by the third quarter of 1993. Technology risk is a major 
barrier to obtaining financing inasmuch as lenders are unlikely to finance the first commercial application of 
any technology. Currently, Texas OlefinsPhillips Petroleum and Lyondell have demonstrated normal butene 
isomerization on a commercial scale in their plants. However, Mobil has not demonstrated the DIPEprocess 
beyond the pilot plant stage. 

J -:m this paper, we asscss lhe technological aspects of normal butene isomerization and DlPE processes, 
and compare their economics with existing etherification processes. 

DRIVlNG FORCES FOR USE OF OXYGENATES IN GASOLINE 
Additives and improved refining processes haw long bcen uscd to improvc gasolinc quality. Figurc 1 

shows how gasoline octane has been improvcd historically. To achiwe widespread use, a new additive or 
process improvement must prove its economic wunh. The addition of lead t o  increase gasoline octane was one 
of the most cost-effective methods, and its use was nearly universal until the detrimental environmental 
effects of lead became apparent. 

The reasons for using oxygenates in gasoline have varied over time. Alcohols were added to commercial 
gasoline on an experimental basis as early as 1924. In response lo the shortage of crude oil during the oil crises 
of 1973 and 1979, alcohols were promoted for use either as a substitute or a partial replacement for gasoline. 
Brazil developed the most significant program, which called for ethanol to  be substituted for a large 
percentage ofthe gasoline consumed in that country. In the United States, a federallysubsidized program was 
established to encourage the use of ethanol in gasoline nationwide. Although both the Brazilian and the U.S. 
ethanol programs are still active, the high cost associated with the use of ethanol constitutcs a major 
disadvantage. Consequently, some form of monetary subsidy is required for acceptance of ethanol fuel. 

During the mid-I980s, some U.S. gasoline marketers tried to  introduce methanol into their gasoline. 
Both direct blending and cosolvent blending (methanol with tert butyl alcohol [TBAJ to  minimizc phase 
separation) were tried. These blends were economically attractive because the cost of methanol was 
considerably lower than that of gasoline. However, compatibility and mechanical problems, together with 
limited availability of the cosolvent, prevented widespread acceptance of the use of methanol in gasoline. 

Ethers, principally MTBE, became widely available in the early 1980s. They have gradually gained 
acceptance as gasoline blending agents because they offer high octane and excellent gasoline compatibility, 
and because they can be partially made from refinery by-product isobutene at a cost similar to the cost of 
producing toluene, whose octane quality is similar to MTBE in gasoline. Refiners originally began to 
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investigate the use of MTBE as an octane enhancer blended into gasoline at levels of?  lo 10%. Other ethers, 
such as ethyl tert-butyl ether (ETBE) and ten-amyl methyl ether (TAME), are newer products with gasoline 
blending properties somewhat similar to those of MTBE. 

In  the 1980s, the improved buming characteristics (more complete combustion) of MTBE-gasoline 
blends and their potential for reducing carbon monoxide and smog formation hccame recognized. 
Consequently, oxygenated fuel was adopted in the 1990 CAAA. 

The CAAA requires the use of oxygenates in gasoline for environmental reasons. Must othcr countries 
will probably use oxygenates only for octane enhancement until the full environmental consequences of 
oxygenated and reformulated fuels are better understood. 

EXISTING ROUTES FOR PRODUCING OXYGENATES 
MTBE, produced by reacting isobutene with methanol, is the most widely used oxygenate. kwbutene, 

which is the critical raw material in meeting the demand for MTBE, is available from three commercial 
sources. By-product sources include mixed C4 strcams available from (1) catalytic cracking in refinery 
gasoline production, (2) steam cracking for ethylene production. and (3) TBA and propylene oxide (PO) 
production (dehydration of TEA, a coproduct with propylene oxide via the hydroperoxidation of isobutanc). 
TIC rapid depletion of there traditional isobutene sources has led to the development of on-purpose 
isobutene production from field or  mixed butanes. The dehydrogenation route to MTBE is a rapidlygrowing 
source of isobutene. 

Figure 2 shows the world distribution of MTBE productiowby isobutene source. In  the Unitcd States. 
dchydrogcnation is now the major source for MTBE (40%), with fluidized catalytic cracker (FCC) and 
TBGmO isobutene sources contributing about equal amounts (24% and 25%. respcctivcly), and the 
remainder from steam cracking (1 1%). Dehydrogenation is also the major source of isobutene for regions rich 
in natural gas (e.&, Latin America, the Middle East). In contrast, ethylene cracking is a major source of 
isobutene in Europe and the Asia-Pacific region for MTBE productions. In these two regions, naphtha is the 
predominant feedstock in ethylene cracking with relatively high amounts of C4 by-product, and FCC units are 
not as prevalent as in the United States. 

Other ethers, such as TAME and ETBE, are based on similar technology as MTBE production. 
Potentially, TAME could be a large source of oxygenate in the United States. The use of ETBE faces two 
obstacles: (1) it competeswith MTBE for isobutene, and (2) its economics depend in large part on government 
subsidi-,. 

NEW ROUTES TO PRODUCE OXYGENATES 
As we approach 1995, when reformulated gasoline regulations take effect in the United States, 

oxygenated gasoline and RFG will both become required by law, and MTBE supplies will tighten. Refiners 
may have no choice but to pay a premium above MTBE‘s octane value to obtain sufficient MTBE. As a result, 
many refiners are rushing to install their own oxygenate production capacity. 

lsobutene is produced in refineries mainly in FCC units. In the United States, a shortage of refinery 
captive isobutene had kept MTBEplants’ utilization rate low (is., 60% 1067% for 1988 through 19W).(3)Ib 
increase FCC isobutene production, higher FCC riser temperature or isobutene-selective catalysts can be 
used to raise the isobutene yield by 50-2002. n o  drawbacks are the additional investment needed to 
dcbottleneck the FCC unit and reduced gasoline yield. 

An alternative route is the isomerization of normal butene to isobutene. In addition, other oxygenates, 
which do not require isobutene as raw material, such as DIPE, can be considercd. 

Normal Butene Isomerization 
Since March 1992, six companies-Lyondell, Phillips/Exas Olefins, Mobil, IFP, UOP, and 

Snamprogetti-have announced the development of one-step processes to isomerize normal butenes to 
isobutene. The 4-carbon monoolefins have 4 isomers: 1-butcne, cis-2-hutene, trans-Zbutene, and isobutene. 
Isomerization of one of the butene isomers to increase the supply of another has long been practiced 
commercially. For example, refineries maximize the octane number of hydrofluoric acid alkylate by installing 
a butene isomerization unit (e& the Hydrisom process) upstream of the alkylation unit. The isomerization 
process converts I-butene to 2-butene, the preferred H F  alkylation feedstock. 
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Normal butene isomerization has been extensively researched, with a variety of catalysts dcvcloped to 
overcome some technological difficulties- low conversion (equilibrium-limited reactions), rapid catalyst 
deactivation, and undesirable side reactions such as disproportionation and polymerization. The mandates 
for oxygenated fuels have renewed interest in this process. As MTBE production exhausts the available 
supplies of isobutene from traditional sources, additional isobutene is being produced on-purpose from field 
butanes through isomerization to isobutane and dehydrogenation to isobutene. Dehydrogenation is a very 
capital-intensive, and thus expensive mute to MTBE. Consequently, much intcrcst has becn gcncratcd hythc 
announcement of a new route to produce isobutene by butenes isomerization. 

Normal Butene Isomerization Thennodynamics 
Butenes isomerization is equilibrium limited. The equilibrium composition changes only slowly with 

temperature. For normal butene isomerization to isobutene, the yield in a single pass is limited to between 40 
and 50 mol% in the normal reaction temperature range of 350-S5O'C (662-932'F). The branched isomer is 
favored by lower temperatures, but a faster reaction rate is favored at higher temperatures. 

When the carbon skeleton is rearranged, mixtures of butenes result. Skeletal isomerization involves C-C 
bond rupture and reformation. Once a carbonium ion is formed in the prescnu: of a strong acid, several side 
reactions also take place (e&, polymerization, isomerization, hydrogen transfer). Thercfore, it is unlikely IO 
achieve a clean product slate. The typical isobutene selectivity ranges between 85 and 90%. 

Table 1 lists processes offered for licensing, and Tible 2 summarizes reported yields. These processes 
differ in conversion, selectiviv, cycle length, and catalyst regeneration methods. 

Diisopropyl Ether 
In March 1992, Mobil Research & Development Corporation announced the development of a new 

process lo produce DlPE by direct hydration of propylene to isopropyl alcohol (IPA), followed by 
etherification using shape-selective zeolite catalysts. DIPEs high octane and low vapor pressure gasoline 
blending qualities make i t  an attractive oxygenate blending candidate for reformulated gasoline mandated by 
the CAAA. Tible 3 compares the blending properties of DIPE with MTBE, ETBE, and TAME. Another 
claimed advantage of DIPE is that, unlike MTBE, ETBE, and TAME, it is a completely refinely-based 
oxygenate, with no outside alcohol supply required. 

UOP also unveiled a DIPEprocess in 1993. Its process is probably based on Union Carbide's IPA process. 
Catalytic hydration of propylene to produce IPA is an established technology. The reaction steps are: 

(1) 

(2) 

(3) 

Propylene + Water -+ Isopropyl Alcohol 

2 Isopropyl Alcohol -+ Diisopropyl Ether + Watcr 

2 Propylene + Water + Diisopropyl Ether 

The direct propylene hydration to IPA and DIPE is thermodynamically limited with IPA as the main 
product and DIPE as a by-product. The use of a strong acidic catalyst can achieve direct propylene hydration 
under the moderate temperatures and pressures favorable to propylene conversion. Pressure is an important 
parameter determining propylene conversion-higher pressures increase the propylene wnvenion per pas .  
The water/propylene ratio is used to control IPA and DIPE production. A high water/propylenc ratio favors 
IPA production, and a low ratio favors DIPE formation. The presence of excess water inhibits oligomer 
formation. n e  reaction temperature is normally kept as low as possible to minimize polymerization. 

Although the hydration of propylene lo IPA and DIPE is a known technology, the product recovery 
scheme is more complex than other etherification processes. The reactor effluent wntains a mixture of 
unreacted feed (propylene and water), products (DIPE and IPA), and by-products (oligomers which are 
mainly C6 olefins). Separating these components requires multiple distillation and extraction opcrations 
because binary azeotropes form between waterflP4 IPAIDIPE, and DIPE/water, and togcthcr thcy form a 
ternary azeotrope. Consequently, many separation schemes have been developed in order to reduce process 
complexity and operating cost. 

OXYGENATE ECONOMICS 
Figure 3 summarizes oxygenate product values for MTBE, ETBE, TAME and DIPE, including 10% 

depreciation and 25% pretax rate of return on investment. All economics are based on U.S. Gulf Coast 
overnight construction in 1993. 
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MTBE Eeonomics 
The product values of MTBE, based on isobutene from refinery Gs, steam cracker C45 TBA/pO, normal 

butcnc isomerization, and field butanes, are shown in Figure 3. The economics are developed for 2,400Wd 
MTBE unit based on by-product isobutene, and 12,500 b/d MTBE plant from on-purpose isohutene--typical 
unit sizes for these applications. The value of isobutene is based on its value in alternative process uses. The 
major use for isobutene in refineries is alkylation feed. This comparison provides a picture of the current 
competitive situation. 

From this comparison, we can conclude that MTBE production based on by-product isobutene sources is 
the least costly route. MTBE produced from isobutene derived from TBAJPO is the leact cxpcnsivc at an 
estimated product value of 70r/gal. MTBE derived from steam cracking and FCC by-product isobutene has 
slightly higher product values of 74e/gaI and 78e/gal, respectively. MTBE product values based on either an 
integrated normal butene isomerization unit or a dehydrogenation unit are of similar magnitude at Sl.lO/gal 
and S1.09/gal, respectively. These last nvo processes are considerably more costly than the traditional 
by-product isobutene sources. Integrating MTBE production with normal butene isomerization incurs higher 
raw material costs because normal butenes have a high alternative value as alkylation feedstock. 
Dehydrogenation technology uses less costly normal butanes as raw material, hut is a highly capital-intensi~e 
process. 

TAME Economics 
TAME, a high octanc, low vapor pressure oxygenate, is becoming the second fastest growing oxygcnatc 

behind MTE3E. Under the forthcoming complex model for RFG, amylenes will probably be rcstrictcd in the 
gasoline pool because of their high Reid vapor pressure (RVP) and high atmosphcric reactivity. Factors for 
TAMEs rapid growth are: 

1. It removes light olefins in gasoline, which may be limited in RFG because of the high ozone 

2. It providcs an additional source of oxygenate without competing for isobutene. 
3. The alternative for light olefins removed is Cs alkylation, which is less attractive [alkylation 

of Css increases acid consumption, and the slight octane improvement (90 versus 87 
(R+M)/Z), does not justify the additional processing cost]. 

Both as an oxygcnate and as an octane enhancer, TAMEs economics are attractive. TAMEs product 
valuc is estimated lo be 75ulgal and 81uIgal. based on isoamlyene value use as an alkylation unit fced and a 
gasoline blending component, respectively. The product value ofTAME is competitive with that for MTBEif 
isoamylene is valued as the alkylation feedstock-the more likely scenario for the future. 

ETBE Economics 
Interest in ETBE has increased since the US. Peasury Department approved a 54e/gal tax credit for 

ethanol used to produce ETBE. A similar tax credit is already allowed for ethanol used directly in gasoline 
blending. ETBE is preferred over ethanol as a blending component because it has a low vapor pressure (4 
versus 19 psi). The tax credit extension makes production of ETBE more competitive with MTBE. 

ETBE competitiveness hinges on the cost of ethanol. Currently, ETBE economics can be evaluated on 
the basis of three ethanol costs. Figure 3 illustrates that the product valuer of ETBE are cstimatcd to hc 
83e/gal for a 54e/gal federal and state subsidy, SI.O3/gal for a Z&/gal state subsidy only, and $1.1 I/gal with no 
subsidy. ETBE is competitive with MTBE production from by-product derived isobutene only if cthanol 
continues to receive both fcderal and state subsidies. The subsidies make refinery operations dcpcndcnt on 
government policy because the differential between methanol and grain-derived ethanol is unlikely to 
decreasc substantially in the near future. 

DIPE Economics 
One of DIPEs main attractions is that it is a totally refineybased oxygenate process. Although 

inexpensive water provides the source of oxygen for DIPE, propylene is a relatively high valued raw material. 
In addition to its value as fuel products (e.& LPG or feed to an alkylation unit), purified polymcr gradc 
propylene is an important commodity in the basic petrochemical industry. We estimate 308,000 b/d of 

formation tendency. 
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propylene is produced by FCC units in the US.  refineries. Of this quantity, 48% is used in motor fuel either as 
alkylate or as polymer gasoline, 45% is used aschemical feedstock, and 8% i s  uscd in liquefied petrolcum gas 
(LPG). 

Figure 3 shows that DIPE economics are sensitive to propylene feedstock cost. DIPE product value 
varies from 74a/gal, $1.09/gal, and Sl.ll/gal for propylene valued as fuel, alkylate feedstock, and polymer 
grade product, respcctivcly. Our valuations indicate that DIPE is not competitive with MTBE in the United 
States where propylcne is unlikely to be valued as fuel. 

CONCLUSION 
Before November 1,1992, MTBE was used mainly as  an octane enhancer for gasoline. Historical MTBE 

prices have been consistent with its Octane blending value. This relationship existed because refiners could 
always choox between using MTBE o r  changing their operations to  increase the Octane of their gasoline 
pools. MTBE‘s oxygen value is unclear at this time, even though the United States has already gone through 
one winter with mandatoty oxygenated fuel. Stockpiling before the 1992-1993 winter season and low gasoline 
prices combined to cause the MTBE price to collapse. The average 1993 MTBE price-betwecn 70a/gal and 
75e/gal-is below its octane value. 

Figure 4 shows the values of various gasoline blending components as a function of their Octane number. 
The economic risks of MTBE (by-product derived isobutene) and TAME are somewhat reduced because they 
can always be blended into the gasoline pool at their Octane value. However, a price premium for oxygen 
content is required to justify the building of MTBE plants based on either normal butene isomerization or 
dehydrogenation technologies, and DIPE. ETBE economics are precarious because the federal subsidy for 
ethanol will expire in 2002. The continuation of subsidies depends stronglyon corn slate lobbying and the US. 
budget deficit. 

LITERATURE CITED 

(1) US. Petroleum Refining: Meeting Requi~ments For Cleaner Fuels And Rcfineties, National Petroleum 

(2) P.R. Wilkes, “MTBE Plant financing Requires Effective Risk Management,” Fuel Reformulation, 

Council, August 1993. 

JulylAugust 1992, pp. 19-23. 
(3) “NPM Reports on MTBE Utilization and Capacity; 22 US.  Plants Report,” Hydmarbon Pmcessing, July 

1991, p. 33. 

NORMAL BUTENES ISOMERIDTION UCENSORS 
Process Namo Ucensw 

CDTech 

,. . .. . 
SISP4 I Snamprogefi I Snampogetti 

Tabla 2 
NORMAL BUTENES ISOMERAZATION PROCESS CONDITIONS 

Skeletal 

8580 

334 



Figure 1 
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Figure 3 
OXYGENATE PRODUCT VALUES: U.S. GULF COAST, 1983 
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GASOLINE RANGE ETHER SYNTHESIS FROM LIGHT NAPHTHA PRODUCTS OF 
FLUID CATALYTIC CRACKING OF FISCHER-TROPSCH WAX. 

W. J .  Reagan 
Amoco Oil Company 

Naperville, Illinois 60566 

Keywords: Fischer-Tropsch wax, Fluid Catalytic Cracking. Ether Synthesis 

The Fluid Catalytic Cracking of Fischer-Tropsch wax (Czof paraffins) produces 
two to four times the concentration of reactive iso-olefins (isobutylene, 
isoarnylenes, isohexenes) than observed from conventional gas oil feedstocks. 
Methanol reacts with these olefins to form the corresponding tertiary alkyl 
methyl ethers: MTBE. TAME and MTHE's. These etherification reactions are 
mildly exothermic and equilibrium limited. The reaction temperature and the 
olefin molecular structure are important variables for maximum ether yields. 
The base naphtha research octane number increases by 2-4 numbers after the 
etherification reaction. 
on ether yields because of hydrogenation of reactive olefins to paraffins. 
The catalytic cracking of Fischer-Tropsch wax provides a non-conventional 
SOUKCe of olefins for ether synthesis that can supplement existing and 
dwindling petroleum supplies. 

INTRODUCTION 

Fischer-Tropsch (F-T) synthesis technology (1) produces liquid hydrocarbons 
from synthesis gas (hydrogen and carbon monoxide) derived from the 
gasification of coal OK reforming of natural gas. 
consists of a broad range of normal paraffins (C,-C,,+) and a small quantity 
of oxygenates and olefins. The distillate fraction, C,+&, is an excellent 
quality fuel. The largest product fraction. C,8+, is primarily wax and is 
useless as a transportation fuel. 
conventional petroleum processes, such as hydrotreating, reforming and 
catalytic cracking to produce conventional gasoline and distillate fuels. 
( 2 )  Fluid Catalytic cracking and hydrocracking studies have been reported by 
Mobil ( 3 )  and UOP. ( 4 )  Heavy wax (C,,+) fractions have also been treated 
with hydroisomerization and hydrocracking processes at Exxon. ( 5 )  
Hydrodewaxing and catalytic cracking treatments of heavy wax from slurry F-T 
processing are also reported by Mobil. ( 6 )  In  addition, pure component 
cracking studies (decanol, decanal) over the intermediate - pore zeolite 
HZSM-5 have been reported. ( 7 )  
examined in some detail by Wojciechowski Over large-pore faujasite 
(zeolite Y) and over HZSM-5 zeolite catalysts. (8.9) Governmental 
regulations, most recently in the Clean Air Act Amendments of 
November, 1990.  have resulted in the phaseout of lead additives, lowering 
of the Reid vapor pl;essure of gasoline and in some geographical areas, the 
mandated use of oxygenates. 
produced and used as gasoline blending components. (10) Recent studies of 
methyl tertiary butyl ether (MTBE) and tertiary amyl methyl ether (TAME) 
suggest that these compounds may reduce automative carbon monoxide 
emissions, have high blending gasoline octane ratings, R+M/2, (MTBE-108, 
TAME-102) and have l o w  Reid Vapor pressure. These ethers are produced 
commercially by the etherification of the appropriate olefin by methanol 
(MTBE, isobutylene; TAME, isoamylenes). (11.12) There is less information in 
the open literature about the etherification reactions of C, olefins that 
are also present in significant quantities in fluid catalytic Cracking 
product naphthas. 
from C,-C, reactive iso-olefins in naphthas. One report (14) provides some 
information about the reaction of C, iso-olefins with methanol to produce 
the higher ethers, MTHE's, methyl tertiary hexyl ethers. MTBE has attracted 
the most attention in recent years. 
could reach 25% par year by 1995. (15.16) There is e growing need for 
alternative sources of olefins for ether syntheses as demand far these 
materials escalates beyond the capacity of conventional petroleum PKOC~SS~S. 
There are no reported studies of the catalytic cracking processing of F-T 
liquids to produce C,-C8 olefins as feedstocks for the synthesis of gasoline 
range ethers . 

EXPERIMENTAL 

The feedstock €OK this work is a sample of reactor wax from a commercial 
fixed bed F-T unit operated by Sasol, Limited. 
characterization of this feedstock is available in other studies.(4) The 
small scale (1 gram of feed, 3-5 grams of catalyst) catalytic cracking tests 
were performed on a Micro Activity Test unit (MAT) similar in design to the 
unit described in ASTM procedure. 09907-86. This test unit is equipped for 
detailed analyses of gas and liquid products and cake yields. 
plant tests were conducted in a circulating catalyst unit s t m i l n r  I o  i) 

design described by ARCO. This unit operates wiLh 2 to 3 kilograms <,i 

The presence of hydrogen has a detrimental effect 

The F-T liquid product 

These products are further treated by 

The catalytic cracking of F-T liquids was 

Several types of ethers are now commercially 

The Etherol process (13) produces a mixed ether product 

The growth rate far its production 

The analytical 

The pilot 
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catalyst and feed rates of 10-30 grams/minute. 
experiments were Carried out in a conventional high pressure micro-reactor. 
Thtee FCC catalysts, containing zeolite Y, zeolite Beta and zeolite HSZM-5 
arb the primary catalysts for the FCC studies, The Y zeolite catalyst is an. 
Ulcrastable Y faujasite (USY) zeolite catalyst taken from one of Amoco's 
commercial FCC units. The HZSM-5 catalyst is a commercial sample produced by 
Incercat Gorp. The Beta sample was prepared in our laboratory by spray 
drying a commercially available Beta zeolite and a conventional silica- 
alumina matrix. Two commercial ion exchange resin catalysts, Rohm and 
Haas's Amberlyst 15 and Bayer's K 2 6 3 4 ,  were used in the ether synthesis 

The ether synthesis 

KU115. 

RESULTS AND DISCUSSION. 

A. Catalytic Cracking Tests 

Initial catalytic Cracking runs with the small scale test system provide 
some insights into the catalytic cracking behavior of the wax feedstock. 
The initial choice of fluid catalytic cracking (FCC) catalyst and process 
conditions focuses on comparisons with conventionai gas oil, the usual 
feedstock to commercial FCC units. At these conditions. (970'F reaction 
temperature, 3 catalyst to oil weight ratio), the wax feedstock readily 
COnVeKtS (85%+ conversion) to high yields of C,- gas (high in propylene and 
C, olefins) and naphtha (C,-430'F). A Summary of this comparison is 
presented in Table I. The conversion level is defined by convention as the 
sum of the products: naphtha, gas and coke, This high catalytic cracking 
conversion level for the wax feedstock agrees with the published Mobil data 
( 3 . 6 )  on F-T wax cracking. In addition. historical pure component 
hydrocarbon cracking studies (17) suggest that long chain paraffins crack at 
much greater Kate5 than the shorter chain paraffins. 
the wax feedstock will be an important parameter when commercial heat 
balanced Operations are evaluated. 
wax product naphtha results from the higher concentrations of low octane 
number paraffins compared to the gasoline from the more aromatic gas oil 
feedstocks. The octane numbers in the Table I are estimated results from 
detailed naphtha analyses by gas chromatography and correlations with octane 
engine tests. The target of these studies is to optimize the yields of 
branched olefin intermediates (isobutylene and isoamylenes) for ether 
synthesis. Three FCC catalysts, containing zeolite Y, zeolite Beta, and 
zeolite HZSH-5, were tested for wax C O ~ V ~ K S ~ O ~  and product selectivity as a 
series of blends with an inert solid. Table I1 presents the detailed 
product distributions for the three catalysts at a similar conversion level 
of about 8 3 % .  
of the desirable olefins, However. this OCCUKS at the expense of naphtha 
product. 
propylene. These screening test results show that FCC catalyst variations 
can provide for widely different product distributions. 

8. Pilot Plant Catalytic Cracking Tests. 

Some initial wax catalytic cracking screening tests on the pilot plant unit 
are presented in Table 111. 
the pilot plant agree with the small scale test results. 
catalyst converts a greater fraction of the wax feedstock to light olefins, 
including propylene, isobutylene and isoamylenes. than the Y zeolite 
catalyst. 
naphtha yield for the Beta zeolite catalyst compared to the standard Y 
zeolite catalyst. 
similar to the Beta zeolite. High yields of the targec light olefins are 
produced but the naphtha yield is much lower than the Y zeolite catalyst. 
This trade-off of light olefin and naphtha yields can be adjusted by the 
amount of the HZSM-5 additive. 
plant Catalytic cracking runs were combined and distilled (ASTM Kethod 
0-2892)  to produce light naphtha (QOO'F) fractions for the etherification 
studies. 

The low coke yield of 

The relatively low octane number of the 

Both the Beta and HZSH-5 catalysts produce much higher yields 

In addition, the HZSH-5 catalyst produces very high yields of 

The high conversions of the wax feedstock in 
The Beta zeolite 

The higher olefin yields are offset by a significantly lower 

The test results for the HZSH-5 catalyst mixture are 

The total liquid products from several pilot 

C .  Ether Synthesis. 

Since the reaction of isobutylene and methanol to form MTBE is well known, 
this study will focus on the production of TAME and KTHE ethers from the 
light naphtha products of the pilot plant wax cracking studies. 
fixed bed unit was used for these etherification studies. The initial test 
runs involve the reaction of 2-Kethyl-2-butene with methanol to produce 
TAKE. 
isoamylene to TAME: moles TAME out/moles isoamylene in*100). 
conditions are: variable temperatures, 200 PSIC unit pressure, 0 . 6 6  WHSV 
(olefin) and 1.2 mole ratio of methanol/olefin. 
is Amberlyst 15, a commercial etherification catalyst The reaction 
tempcraLure is R m a j o r  factor In Lhfs eLheriClcnLion re.wt.Ion. 

A small. 

Table IV shows the comparison of TAME yields (conversion of 
The test 

The catalyst for these runs 

TIIV a l ~ i ~ r , ,  
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rise in TAME yield at 150'F and the decline at 200'F suggests that 
equilibrium limitations exist at these temperatures and reaction conditions. 
The maximum yields of ethers will occur at these equilibrium conditions. 
Table V presents the detailed composition of the light naphtha samples from 
the Pilot plant wax catalytic cracking KUnS. 
samples, feeds "8" and " C " ,  are higher from the pilot plant wax catalytic 
cracking runs than the light naphtha sample. feed "A". 
Use Of high olefin selective FCC catalysts, Beta and HZSM-5. in the pilot 
plant runs, Nos. 940-01,02 and 941-01. The same Y zeolite catalyst was used 
in the runs for feed "A" and "C" , 

results from the lower conversion level. The reactive isoamylenes, 2- 
Methyl-2-butene and 2-Methyl-1-butene for TAME synthesis and the reactive C, 
iso-olefins. 2-Methyl-1-pentene. 2-Methyl-2-pentene. 2.3-Dimethyl-1-butene. 
and Cis and trans 3-Methyl-2-pentene for MTHE synthesis are the important 
components. This light naphtha. feed "A" sample and methanol are the 
feedstock for a series of etherification runs at the same process conditions 
for the 2-Hethyl-2-butene/methanol tests. Due to the limited availability 
of the naphtha, only two reaction temperatures are available. 
the conversion of the various C, and C, iso-olefins to their respective 
methyl ethers, Table VI. shows that reaction temperature is a major factor 
in the etherification reaction. The decrease in conversion with the 
increase in the carbon number of the iso-olefin agrees with other literature 
etherification studies. (18.20) The reaction products from these runs have 
a significant yellow color, especially at the higher reaction temperature of 
150°F. 
tests. It is likely that polymerization of olefins to C,,+ hydrocarbon 
"color bodies" is responsible for the colored product. The color of the 
ether product could be a significant product quality issue. 
presents the results of the etherification runs with the "B" and "C" light 
naphthas at 15O'F. In these runs, both Amberlyst 15 and another CO~erCial 
etherification catalyst, gayer's K2634 are under study. The Bayer catalyst 
contains a noble metal in addition to the strong acid functionality. 
noble metal is available far olefin isomerization and diolefin saturation, 
in the presence of hydrogen. 
previous set of runs, 200 P S I G ,  2.9 grams of catalyst, methanol 1.37 g/hr, 
naphtha, 5 . 5  g/hr are the same except that only one reaction temperature. 
150'F. is available. The iso-olefin conversion results are similar for both 
catalysts and the three feedstocks. in the absence of hydrogen gas in the 
reactor. The calculated research octane values for the products of these 
etherification runs are 2-4 numbers higher than the starting light naphtha 
Feedstocks, Table VIII. As expected, this octane increase depends, to some 
extent upon the concentrations of the ethers in the product. 
octane numbers for the mixed ether light naphtha fractions are also shown in 
Table VIII. There is a fair agreement with the calculated (by G C )  octane 
numbers. When hydrogen gas is present, Run No. 034-1, Table VIII, there is 
a major loss of iso-olefin conversion. These reaction conditions result in 
the hydrogenation of both reactive iso-olefins and linear olefins. This is 
an undesirable result since both the production of ethers and the octane 
number of the product decreases significantly. The run with added hydrogen 
gas, 034-1, has a lower research octane rating (79.5) than the feedstock 
(84.6) or the run with no added hydrogen, 034-3, ( 8 5 . 8 ) .  This octane loss 
is due to the conversion of high octane value olefins to low octane value 
paraffins. 
etherification products in the presence of hydrogen gas. 

These etherification runs clearly demonstrate that the light naphtha 
fractions from the catalytic cracking of Fischer-Tropsch wax are excellent 
ether synthesis feedstocks. 
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Z e o l i t e  Befa 

042 

85.3 

Catalyst 1 Zeol i te  Y 

urn  YO. 

conversion. Ut% 83.0 

le01 i t c  HLsn-5 

055 

85.8 

Product Yields, Ut%: 
c; 
c,’ 
C,’ 
C.. 
C‘ 

2; 
C,.430*F 
430.F’ 
Coke 

0.6 
7.4 
0.8 

13.2 
3.7 

11.7 
3.6 

41.7 
17.0 
0.3 

l s o b t y l e n c  
lroamylmes 
G-430.F 57.0 

85.2 
16.2 RON 

K I W  
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1ABLE 111 

P l l O l  pu*T m s  

Feed IO: 92-0490-01A 93-0024-011 
reed A* reed B 

Pilot Plant 939-01. + 02 v40-01. 02 
am NOS. 4. us7 CDt.l"St 941-01 

conversion = 93.6% 8etalHZSU-5 Cata lys t  
conversions = 90.96% 

rotal  Paraff ins w t X  6.69 8.44 

Total Iro-p.raff ln9 Ut% 42.71 17.64 

Tota l  A r m t i c 9  wtX 1.74 2.62 

Total NsPhthems W t X  3.96 5.55 

Total o l c f i m  Y t X  44.51 64.47 

~ e a c t i v e  i ro -o le f in r  wtX 

93-0024-01C 
Feed C 

939-04 
4. USY Cstalyst 
Cm"er.iM i 83% 

4.32 

22.88 

0.35 

3.16 

68.6 

1.25 
4.26 I 

C6's 
2 ,3 -d imthy lh tcnc  
2-mthyL.l.pnrcne 
Z-nrthyl-2-pntene 
S-mthyL- t rans-2 -pntem 
I - r e t h y l - v i s - Z - p n t e m  

2.15 I 
5.67 

0.8 0 . n  0.97 
2.35 2.49 3.02 
4.01 5.27 5.46 
2.49 3.13 3.29 
3.98 5.48 5.35 

1.76 
5.64 
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I s o - o l e f i n  C-t 1Z'F 

& 
2~Wethyl-l-bUtene 85.4 
2-nr thy l -Z-br tme 2P.P 

2.3 Dimethyl-l-butene 56.5 
2-Wethy l - l -pntme 65.9 
2-Methyl.Z-pnttne 20.7 
3-Wethyl-ci~-Z-penCene 21.7 

cs 

C6 

3-Wethyl-trans-Z-penfene 20.8 

150'6 

G% 

8P.P 
65.5 

83.4 
87.5 
48.6 
38.6 
2P.8 

iro-olefin c-ent 

2-Methy1-l-butcne 
2-Methy1-2.butane 65.5 62.2 M.2 42.9 38.2 61.2 

1 89.9 I b0.2 I 87.1 I 77.2 1 78.1 I 87.7 1 
200.F- Naphtha 

Reaction T a p ,  .F 

Catalyst 

Feed A F e d  B Feed C 

P2-04P-OlA 92-0024-01A PI-0024-01C 

150 150 150 150 150 150 

lnberlyrt 15 I r h e r l y s t  15 12634 12634 12634 K2634 

No H2 H2 H2 No H2 

TLBLE V I 1 1  

2.3.0Incthyl-l-butene 
C6'r 

2-nechyl - l -pmtme 
2-Methy1-2-pentenc 
3-Mefhyl -Cis-2-pntene 
3 - n c ~ h y l - t r a n r - Z - p n t e n c  

... Feed A 
-0-01A 
15586-024-2 125.F 
15586-024-6 15U.F 
15586-024-8 150.F 

Feed B 
P3-0026-01A 
15586-031-2 150.F 
05586-033-1 150.F 
15586-033-3 150.6 

... - 

83.4 ... ... ... ... 
87.5 85.5 84.1 72.2 78.6 86.P 
48.6 56.1 62.7 44.2 31.5 51.5 
38.6 31.0 43.4 23.8 7.3 25.8 
2P.B 32.2 43.7 25.P 20.7 33.3 

... 

93-0024-OlC 
15586-034-1 1 W F  

RVI no. 

Feed A 
G O - O l A  
15586-024-2 
15586-024-6 
15586-024-8 

Feed B 

15586-031-2 

15586-033-3 

Feed C 

ps-ooi4-OIA 

05586-033.1 

OCtllM Nlnber 

80.P2 
w r l y r t  15 80. OP 

83.76 
w r 1 y r t  15 83.88 

I *O.  
Paraffins paraf f ins A ~ m t i ~ s  Waphthenes Olef ins OxyeCnateS Vntno~ns 

6.689 42.712 1.736 3.956 44.507 0.071 0.33 
7.806 40.230 1.W5 4.474 33.762 11.406 0.34 
6.463 40.42P 2.247 4.576 29.671 16.294 0.32 
6.337 40.4M 2.263 4.586 2'9.58 16.436 0.33 

m.437 17.617 2.623 5 . 5 4 ~  64.472 0.17 1.11 

7.381 1 7 . ~ 0  3 . 6 ~ 1  6.583 41.716 22.44s 0 .844  
7.417 17.989 3.647 6.424 41.847 21.815 0.821 

8.205 1 7 . M  3.62 6.512 45.889 17.277 0.83 

84.56 95.9 
Bayer H2 12634 m.47 88.P 

Keyer no H2 12634 85.78 95.9 

... 

*CBlC"l.ted 

342 



SYNTHESIS OF OXYGENATES FROM H J C o  SYNTHESIS GAS 
AND USE AS FUEL ADDlTIVES 
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Zettlemoyer Center for Surface Studies and Department of Chemistry, 
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ABXRACI 

Alternative processes for synthesizing fuel-grade oxygenates are centered on conversion of 
synthesis gas into C,Cn alcohols and ethers. Over Cs/Cu/ZnO-based catalysts, mixtures of 
methanol/ isobutanol are predominantly formed. It has been found that these alcohols can be 
directly Coupled over certain strong acid organic-based catalysts to form unsymmetric C, ethers, 
mainly the kinetically favored methyl isobutyl ether (MIBE) with some of the thermodynamically 
favored methyl tertiarybutyl ether (MTBE). the symmetric ethers of dimethylether (DME) and 
diisobutylether (DIBE), or selectively dehydrated to form isobutene over sulfated zirconia. Based 
on these reactions, a 2-stage. dual catalyst configuration can be utilized to give MTBE as the 
dominant ether product. The octane numbers and cetane ratings of the oxygenates have been 
determined and are compared, e.g. adding 10 vol% MIBE and MTBE to 82.3 MON gasoline 
altered the MON of the gasoline by -1.5 and + 1.4 units, respectively, and MIBE has a high cetane 
number of 53, compared to 42 for typical U.S. diesel fuel. 

INTRODUCIION 

Beginning in the 1970s. environmental concerns led to a phasing out of lead in gasoline, and 
recent legislative requirements are inducing the lowering of aromatics and light (high vapor 
pressure) hydrocarbons in reformulated gasoline. To maintain the required octane level of gasoline 
and to provide environmental benefits, oxygenate additions, either as alcohols or ethers, to gasoline 
have been steadily increasing. At the present time, the preferred oxygenate is methyl tertiarybutyl 
ether (MTBE) because it compensates for the loss in octane number caused by a reduction in 
aromatics, reduces the vapor pressure of the gasoline fuel, and provides some reduction in  vehicle 
tailpipe hydrocarbon and carbon monoxide emissions [l]. Currently, MTBE is manufactured from 
methanol and isobutene via a liquid phase synthesis over acid resin catalysts, as represented by 
Equation I, where isobutene is usually obtained as a side product from petroleum refinery FCC 
units [2-41. Although older FCC units can produce 8 wt% C, products in their output [SI, the 
typical FCC refinery product slate now contains 1.4 wt% C, compounds 161, and improved processes 
utilizing catalytic additives such as improved ZSMd tend to decrease the yield of C3 and C, olefins 
in the light ends further still [7]. Thermal cracking of the isobutane in the light ends can also be 
carried out to obtain isobutene 16). Although cracking processes are being modified to yield more 
C, as a by-product, the availability of refinery supplied isobutene is limited. 

(CH3)ZC=CHZ + CH30H + (CH3)3C-O-CH3 1) 

Alternative feedstocks and processes not directly dependent on isobutene for the synthesis 
of oxygenates are highly desirable, and new catalysts and catalytic processes are being investigated 
and developed. One of the alternative processes that have been developed for the synthesis of pure 
isobutene is the endothermic dehydration of tertiary butanol [8]. Another possible source of 
isobutene for ether synthesis is dehydration of isobutanol, represented by Equation 2, that is 
produced from synthesis gas. An overall scheme of using coal as the initial resource involves 
gasification of the coal to synthesis gas, purification (and water gas shifting if necessary) of the 
synthesis gas, higher alcohol synthesis, and direct synthesis of ethers from the alcohols. Both the 
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alcohols and ethers can be used as fuels and fuel additives as desired. Methanol and isohutanol 
are the predominant products formed from H,/CO synthesis gas over alkali-promoted Cu/ZnO- 
based catalysts [9-14], as well as over non-copper-containing high temperalure alkali-promoted 
alcohol synthesis catalysts [15,16]. Since the Mo alcohols are produced together, direct coupling 
of these MO alcohols to produce fuel-grade ethers is also of interest. It has heen shown (17,181 that 
over acid resin catalysts, the dominant reaction is direct coupling that results in the formation of 
methyl isobutyl 'ether (MIBE), Equation 3. However, if a selective catalyst were found for 
converting isohutanol to isobutene (even as a transient intermediate) with subsequent reaction with 
methanal (Reaction 2 followed by Reaction I), a desirable route to high octane MTBE from 
natural gas or coal-derived synthesis gas would be provided 1191. Such a process would alleviate 
isohutene dependence on petroleum feedstocks. 

(CH,),CHCH,OH - (CH,),C=CH, + H,O 2) 
(CH&CHCH,OH t CH,OH -. (CH3),CHCHz-O-CHj + H 2 0  3) 

EXPERlMENTAL 

A variety of organic resin catalysts and inorganic oxide and zeolite catalysts have been 
probed for alcohol conversion reactions [20,21], and the catalysts investigated in the current study 
consisted of Amberlyst-15 (used as received) and sulfated zirconia. The sulfate-modified zirconia 
(S0,2-/ZrOz) was prepared as described hy Hino and Arata (221. Zirconyl chloride octahydrate 
(ZrOClz8H,0) was added to aqueous ammonia to precipitate high surface area Zr(OH), that was 
washed and then dried at 100°C overnight. The dried Zr(OH),, e.g. weighing =IO g, was placed 
on a folded filter paper, and 150 ml of 1 N H,S04 was poured through it. The wet powder was 
dried at 110°C overnight and then calcined in air at 620°C for 3 hr. The BET surface area of this 
catalyst was found to be 60 mZ/g and the sulfur content was 0.84% hy weight. 

The catalysts were tested for ether synthesis from binary methanal/isabutanal (2-methyl- 
I-propanol) reactant mixtures in the vapor phase in a downflow stainless steel bench-scale reactor 
system that is automated so that testing can be carried out under continuous operation at designed 
experimental conditions. A schematic of the reaction system was shown previously [lqj. Typically, 
N,/He gas was utilized as the carrierjinlet gas, and the alcohol mixture was added at the top of 
the reactor via a high pressure Gilson pump or an ISCO piston pump provided by Air Products and 
Chemicals, Inc. The conversion and product composition was monitored by continual sampling, 
e.g. 0.5 hr, of the exit stream hy GC analysis using in-line, heated, automated Valco sampling valves 
and by collection of the liquid product for analyses by GC, NMR, and GC/MS. 

The dedicated Hewlett-Packard Model 5890 Series 11 gas chromatograph (GC) with a 
capillary column (25 m x 0.32 mm ID wall coated open tube (WCOT) with a chemically bound 5.0 
Irm thick methyl silicon coating) is interfaced and controlled hy a PC data station using 
chromatographic software (Chrom Perfect) from Justice Innovations, Inc. At the same time, the 
GC is interfaced with a Hewlett-Packard Model 3396 Series I1 recorder/integrator, which can also 
produce a hardcopy of each chromatogram and listing of the associated integrated peak areas. 

AI1 of the catalytic tests reported here were carried out a 1 atm. According to our standard 
procedure, the catalysts were diluted with 0.5 or 3 mm Pyrex beads to a total volume of 20 ml. The 
catalyst bed was centered in the stainless steel reactor between two glasswool plugs. The remainder 
of !he reactor volume was filled with 3 mm Pyrex beads that served to preheat and mix the entering 
gas, as well as minimizing dead volume in the reactor. The charged reactor was brought to the 
reaction temperature in a flow of approximately80% He and 20% N,. When the temperature was 
stabilized, the equimolar alcohol mixture was pumped into the reactor at the preset flow. The 
reaction was carried out at each temperature for at least 3-6 hr. Steady state conversions of 
methanol and isobutanol were usually obtained within the first 1-2 hr time-on-stream. 
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RESULTS AND DlSCUSSlON 

D e c t _ C o u o Q o f z O v e r / Z r O z .  ir line or 
Thermodynamic calculations of the direct coupling of methanol and isohutanol indicate that low 
temperatures, i.e. 50-90"C. are necessary to achieve favorable selectivity to desired products, 
especially MTBE and MIBE (18.19J. The upper temperature of 90°C was chosen for this study in 
order to maximize conversion. Low pressure, Le. 1 atm, is utilized in these reactions in light of the 
findings of Nunan et ai. [17,18] that indicated lower pressures favored greater isobutene formation, 
the precursor of M7BE. The alcohol partial pressure was chosen such that no condensation would 
occur within the reaction system, and this was determined empirically under reaction conditions. 
A summary of the experimental conditions used with the Amberlyst-15 catalyst is given below: 

Catalyst weight 5.00 g (dry) MeOH flow rate 1.72 mol/kg cat/hr 
Reaction temperature 90°C i-BuOH flow rate 1.72 mol/kg cat/hr 
Total Pressure 1 atm He + N, flow rate 16 mol/kg cat/hr. 

The space time yields (STY) of the products are given in Tahle 1. It is seen that the molar 
yields of DME, butenes, and MIBE were comparable, while only 0.5% of each reactant was 
converted to h4TEE. The entry "Butenes" includes iso-. trum-2-, and cis-2-butene with isohutene 
predominating (greater than 85% of the hutene content). 

The sulfate-modified zirconia catalyst (5 g) was tested under the same conditions employed 
with Amberlyst-15, but higher temperatures were also utilized. At 90"C, only MIBE was detected, 
but the yield was very low. However, at higher temperature isohutanol was selectively dehydrated 
lo butenes in the presence of methanol. Indeed, at 175°C. the SO6'-/ZrO2 showed 95% conversion 
with over 80% selectivity to butenes, principally isobutene (Table 1). At the latter temperature, 
small amounts of C-8 and C-12 products (0.5 mol%) were observed. Non-sulfated zirconia was 
found to he totally inactive for the dehydration of either methanol or isohutanol over the 
temperature interval tested (90-175°C). 

Behvdration of lsobutanol Onlv Over the SO,=. Catalvst. The activity and selectivity 
of dehydrating isobutanol over SO,"/ZrOz in the absence of methanol was investigated. The SO,'. 
/Zr02 catalyst (5 g) calcined to 620°C was centered in the reactor as described previously. The 
reaction conditions utilized included the temperatures of 125, 135, 150, 175, 200, and 225T and 
isohutanol feed rates of 1.69-20.28 mol/kg catalyst/hr while maintaining the He + N, flow = 18.78 
mol/kg catalyst/hr. The isobutanol space velocity of 1.69 mol/kg cat/hr was used in an initial 
temperature dependence study from 125 to 175°C. At 175"C, 85% of the isobutanol was converted 
to butenes. Comparison to the first entry row in Table 1 indicates that absence of the methanol 
reactant produced only a small increase in isohutanol conversion. 

At the temperature of 200°C, the isohutanol flow rate was raised sequentially to 6.76. 13.52. 
and 20.28 mol/kg cat/hr. A final test was performed at 225°C using 20.28 mol isohutanol/kg 
cat/hr. Testing was carried out for several hours at each point of temperature and space velocity. 
The only major products observed with the on-line GC analysis were isohutene, trum-2-butene, and 
cis-2-butene. Trace amounts of octenes and C, ethers were seen. AI higher reaction temperatures, 
small amounts of methanol and other products believed to be cracking products of isobutanol were 
seen as was seen for isobutanol only dehydration over H-mordenite. The yields of the major 
products under these conditions are presented in Table 1 .  It can be seen that the predominant 
product was isohutene in each case. The highest productivity of isohutene of 11.35 mol/(kg cat. 
x hr) was obtained at 225°C and a flow rate of 20.28 mol isobutanol/kg cat/hr). The selectivity 
of isohutene among the butenes at this high productivity was 79% (12.2 mol% frum-2-butane and 
8.7 mol% cis-2-butene). This production of isobutene corresponds to 1.1 kg isobutene/kg cat/hr. 
and therefore the dehydration of isobutanol overSO,*~/ZrO, is a fast reaction at this temperature. 
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Dual Reactor Svnthesis of MTBE. The concept of this experiment was to selectively 
dehydrate isobutanol in the reactant alcohol mixture to isobutene over one catalyst and then to 
couple the isobutene with methanol to form MTBE over a second catalyst. In this dual bed 
experiment at ambient pressure, the first catalyst bed contained 5 g of S0,2-/Zr02, calcined to 
620°C. while the second bed contained 0.5 g of Amberlyst-15. The reactant gas flow of the 
methanol/isobutanol = 1/1 mixture was 1.72 mol/kg cat/hr of each alcohol with a carrier gas flow 
of 17.2 mol/kg cat/hr of Nz and He. The first bed was maintained at 175°C to effect the selective 
dehydration of isobutanol to isobutene, while the second bed consisting of the resin catalyst was 
kept at 90°C for the MTBE synthesis reaction. A short line of copper tubing connected the two 
beds and served as a heat exchanger. The space time yields of the products are given in Table 1. 

I n  this experiment, the conversions of isobutanol and methanol corresponded to =77 mol% 
and -20 mol%, respectively. This productivity of MTBE is more than an order of magnitude 
higher than that obtained by the direct coupling of methanol and isobutanol over the Amberlyst-15 
resin at 90°C. The butenes consisted of 0.90.0.09, and 0.08 mol/kg cat/hr of isobutene, trum-and 
cis-2-butene, respectively. In addition, 0.03 mol ten'-butanol/kg cat/hr was also observed. It was 
observed that lowering the second bed temperature to c a  40°C (non-steady state conditions) 
increased the yield of MTBE to ~0 .35  mol/kg cat/hr, which principally reflected the enhanced 
reaction of methanol with the isobutene that is favored by lower reaction temperatures. Indeed, 
the decrease in the yields of "butenes" was due solely to a lower amount of isobutene (-0.70 mol/kg 
cat/hr) in the product mixture, while the fmm- and civ2-butene yields remained constant. 

This experiment under unoptimized conditions shows that it  is feasible to considerably 
increase the yield of MTBE formed from alcohols via a 2-step process, although the yield obtained 
under these conditions was limited by the low pressure and high temperature employed, as well as 
the small amount of Amberlyst-15 used as the second catalyst bed. In these experiments, water was 
not separated from the product stream between the beds. 

' 

Fuel Characteristics of Oxveenateg. Determination of the octane numbers of MIBE and 
MTBE was performed by AMOCO Oil Company. The standard ASTM methods D-2699 and D- 
2700 were used for Research Octane Number and Motor Octane Numher, respectively. Cetane 
determinations were carried out at the Southwest Research Institute. Octane number were 
determined for MIBE. MTBE, and a 50/50 by volume mixture of MIBE and MTBE. MTBE was 
obtained from Aldrich, while the MlBE was synthesized in-house by the Williamson ether synthesis 
as described previously [19]. For the purpose of octane number determination, this product was 
distilled under nitrogen to yield a >96% purity of MIBE, as determined by gas chromatography. 
The major impurity was isobutanol. The peroxide level of the ether samples was c20 ppm and was 
considered lo be acceptable for all three samples. 

The results obtained by AMOCO Oil Co. are summarized in Table 2. I t  can be seen that 
MTBE increased the research octane number by 2.8 units and the motor octane number hy 1.4 
units. which is in  good agreement with values ohtained by Spindelhalker and Schmidt 1231. MIBE, 
on the other hand, decreased both the research octane number and motor octane number by 3.2 
and 1.5 units. The gasoline/ether mixture containing both MIBE and MTBE (5 vol% of each) had 
the same values as the base unleaded regular gasoline. In this case, an appreciable amount of 
oxygen was added to the ULR gasoline without altering its octane rating. 

The blending octane numbers were calculated according to the following equation: Blending 
Research Number = RON (component A) x (percent component A) t RON (component 6) x 
(percent component B). Table 3 lists the blending numbers for MIBE and MTBE. MTBE and 
MIBE are structurally not very different, but it is clear from the results presented above that 
MTBE is superior to MIBE for octane enhancing purposes. Comparisons of the blending octane 
and cetane numbers of oxygenates are given in Table 4. In this table, ETBE = ethyltertiary- 
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butylether, IPTBE = isopropyltertiarybutylether, DlPE = diisopropylether, and TAME = tertiary- 
amylmethylether. Changes (A) in RON and MON were determined at 10 vol% levels Of the 
oxygenates in gasoline. It is clear that MlBE has a poor octane number but a high cetane number. 
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TABLE! 1. Product yields (mol/kg cat/hr) over the single bed and dual bed catalysts 
from methanol = isobutanol = 1.72 mol/kg cat/hr reactants and from isobutanol 
only at different flow rates at 1 atm at the temperatures utilized in this study. 

T. ..l,,m DME Butenes MlBE MTBE C8 Ether 

'The catalyst in Reactor 1 was ZrO,/SO,'' and in Reactor 2 was Amberlyst-15. 
bPlus trace of octenes. 
'The reactant consisted of isobutanol only with a flow rate of 1.69 mol/kg cat/hr. 
'The reactant consisted of isobutanol only with a flow rate of 6.86 mol/kg cat/hr. 
T h e  reactant consisted of isobutanol only with a flow rate of 13.5 mol/kg cat/hr. 
'The reactant consisted of isobutanol only with a flow rate of 20.3 mol/kg cat/hr. 

TABLE 2 Octane numbers of the etherlgasoline fuel mixtures. 
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MTBE in ULR 120.1 

MlBE in ULR 60.8 

96.3 

61.0 

TABLE 4. Selected properties of hydrocarbon fuels and oxygenated additives. 

Oxygenate 
(or Fuel) 

Blending Octane Cetane ARON' AMON' 
Number (R+M)/2 No. 

64 

109'. 110'. 108' 

]lo*, 112' 

IPTBE 100.5'. 113' 

104.5'. 105' 

53b -3.3' -1.5' 

104.5', 105' I I 
Methanol 116'. 108' 1 3  

11 Ethanol I 113.. 115' I 8 I I 
i-Propanol 108.S', 106' 

I-Butanol 

i-Butanol 

t-Butanol ]ole, 100' 

Butane 

Gasoline 

'Determined at the level of 10 vol% of additive in gasoline. 
'Determined by the Southwest Research Institute with a sample submitted by us; J. Erwin, 

'Determined by AMOCO Oil Co. with samples submitted by us using an unleaded gasoline 

dFrom Reference 23 using an unleaded gasoline having RON = 82.4 and MON = 76.6. 
'From G. H. Unzelman, Oil& Carl., 33 (April IO, 1989). 
'From W. J. Piel. "Proc. Fimf Biomars ConJ of fhe Amencar," Burlington, VT (1993). 
'From W. J. Piel, Enetgy Prog., 8(4), 201 (1988). 

private communication. 

having RON = 92.1 and MON = 82.3; W. J. Reagan, private communication. 

I 

J 
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The Mechanism of Higher Oxygenate Synthesis over Supported Rh Catalysts 
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Extensive mechanistic studies have shown that higher oxygenates are formed from the 
insertion of CO into adsorbed alkyl species that is generated from CO dissociation and partial 
hydrogenation. The reduced Rh surface is known to be responsible for the formation of alkyl 
species, However, little is known about the nature of the active sites for CO insertion on various 
promoted Rh catalysts that are active for higher oxygenate synthesis. In situ i&ared 
spectroscopy reveals linear CO on the single reduced Rh site as the most active adsorbed CO 
species for CO insertion on Rh/Si02 and Cu-, Ag-, Ce, and Mn-promoted Rh/Si02 catalysts. 
Tilted CO exhibiting a band below 1700 cm-I is identified as a spectator that does not participate 
in CO insertion. Increasing reaction pressure causes an increase in the residence time of alkyl 
intermediate allowing CO insertion to occur. The selectivity toward higher oxygenates can be 
improved by increasing the relative concentration of hear CO sites and by increasing reaction 
pressure. 

INTRODUCTION 

The catalytic synthesis of oxygenates 6om synthesis gas. i.e.. CO/H*, is an important 
route to the production of clean fuels and chemical feedstocks &om indirect coal liquefaction (1- 
12). There are a considerable number of experimental studies on the mechanism of higher 
oxygenate synthesis on Rh/SiO2 and Cs-Cu-ZnO catalysts. Mechanistic study on Cs-Cu-ZnO 
reveals that Cs promotes 0 addition between surface species resulting in an increase in selectivity 
toward 1-propanol and 2-methyl-I-propanol. the principal higher alcohol products (6,7). The Cs- 
Cu-ZnO catalyst is more active and selective toward methanol than higher alcohols (7). 
Promoted Rh catalysts have been found to exhibit selectivity up to 75% for the formation of C2+ 
oxygenates in the conditions ranging &om 0.07 MPa to IO MPa and 473-573 K (13). Although 
the reaction pathway and the nature of active.sites for higher oxygenate formation on Rh/Si02 
catalysts have been identified (13-16), the effect of promoter and support on the nature of active 
sites remains unclear. 

At present, there is no satisfactory single step synthesis that permits economic production 
of higher oxygenates (17). An in-depth understanding of the mechanism is a key step toward 
rational design of selective catalysts for higher oxygenate synthesis and the development of a 
more selective route to higher oxygenates. 

This paper reports the use of in sifu infrared (XR) spectroscopy to investigate the nature of 
CO insertion sites and the residence time of intermediates involved for CO insertion on Cu-, Ag-, 
Ce-, and Mn- promoted RNSi02 catalysts. In sifu characterization of reaction intermediates is 
essential for the development of a fundamental understanding of catalytic processes (18-20). In 
situ im?ared spectroscopy has been one of the most important tools for studying the nature and 
structure of adsorbed species and its coverage on supported catalysts under reaction conditions 
(1621-26). The stmchue of adsorbed species is closely related to the nature of the sites. 
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Investigation of the nature and reactivity of adsorbed species will provide information on the 
activity of sites to which the adsorbed species bonds. 

EXPERIMENTAL 

A 0.5 wt% Rh/Si02 was prepared by impregnation of Si02 (Strem, 350 m2/gm) with an 
aqueous solution of rhodium chloride. Cu-Rh/SiOz catalyst with 3 wt% Rh loading was prepared 
by coimpregnation of aqueous solutions of copper and rhodium nitrates with Cu to Rh molar ratio 
of 1.0. Ag-Rh/SiO, with Rh loading of 3 wt% was prepared by the coimpregnation of aqueous 
solutions ofsiver and rhodium nitrates with Ag to Rh molar ratio of 1.0 , A Ce-Rh/Si02 catalyst 
with 5 wt% Rh loading and Ce to Rh molar ratio of 0.74 was prepared by coimpregnating the 
silica support with a mixture of rhodium chloride and cerium nitrate solutions. Mn-IWSi02 
catalyst with 4 wt% Rh loading and Mn to Rh molar ratio of 0.1 was prepared by sequential 
impregnation of manganese nitrate and rhodium chloride solutions. The ratio of solution to the 
support material used was 1 ml to 1 gm. After impregnation the catalyst samples were dried in air 
at 303 K and then reduced in flowing hydrogen at 673 K for 16 hr. The reduced catalysts were 
pressed into a self-supporting disk and then placed in the IR cell for in situ studies. 

CO adsorption and the reaction of preadsorbed CO with C2H, and H2 were carried out in 
an idared (IR) reactor cell. The IR cell can be operated at temperatures up to 723 K and at a 
pressure of 6.0 MPa (16). Mared spectra were measured by a FTIR spectrometer with a DTGS 
detector at a resolution of 4 cm-1. CO adsorption was conducted by exposing the catalyst to 0.1 
MPa of CO at 303 K. Gaseous CO was removed by flowing helium. The infrared spectra of 
adsorbed CO were recorded at 0. I MPa of CO or He. The reactivity of the adsorbed CO for CO 
insertion was investigated by introducing C2Hq/H2 (molar ratio of C2&:H2 = 1:l)  to the 
adsorbed CO in the IR cell that served as a batch reactor. The infrared spectra of adsorbed CO 
and intermediates during the reaction were measured as a function of reaction time. 

RESULTS AND DISCUSSION 

It has been proposed that the formation of C2+ oxygenates over Rh-based and IFP 
catalysts involves the insertion of CO into adsorbed C,H, that is produced 6om CO dissociation 
and hydrogenation as shown in Fig. 1 (12-16,27-29). Higher alcohols such as ethanol can be 
produced 60m either the hydrogenation of acetaldehyde or direct hydrogenation of acyl species. 
A high selectivity ( up to 75% carbon efficiency) has been achieved on promoted Rh catalysts at 
573 K and IO MPa (3.29). The selectivity can be compared to the maximum selectivity of 25% 
for C2 products predicted by Anderson-Schulz-Flory distribution (29). The reaction pathway in 
Fig 1. also suggests that CH, and C2+ oxygenates are produced fiom the same C, precursor, i.e., 
CH,. Thus, it has been suggested that C2+ oxygenates should be viewed as CI compounds in 
Anderson-Schulz-Flory distribution that could, in principle, be produced with 100% selectivity 
(29). However, high hydrogenation activity of Rh catalyst and thermodynamically favorable 
formation of CH4 usually lead to a substantial yield of CHq. The challenge is how to suppress 
hydrogenation and enhance CO insertion in higher oxygenate synthesis. 

The nature of active sites for CO hydrogenation has been a subject of extensive studies 
(13-16.27-29). It is generally agreed that CH, is formed 60m CO dissociation followed by 
hydrogenation on the reduced Rh sites. However, the number of surface atoms (i.e., the size of 
ensemble) required for CO dissociation remains unclear. 

Much controversy has existed on the nature of the active site for CO insertion on Rh 
catalysts for more than a decade (16). Since CO insertion is a key step toward the formation of 
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higher oxygenates, clarification of CO insertion sites is essential for the development of a 
comprehensive mechanism for C2 oxygenates synthesis. Recently, we have employed ethylene 
hydroformylation as a probe reaction to determine the nature of active sites for CO insertion on 
the Rh catalysts. In ethylene hydroformylation, ethylene is hydrogenated to adsorbed ethyl 
species that may undergo CO insertion leading to the formation of propionaldehyde; adsorbed 
ethyl species can also be hydrogenated to ethane as shown in Fig. 2 (1927). CO insertion into 
adsorbed ethyl species is analogous to CO insertion into CH, species. Investigation of CO 
insertion into adsorbed ethyl species produced fiom C& and H2 provides direct information for 
elucidation of CO insertion sites without the complication resulting from CO dissociation and 
hydrogenation. 

Our previous study on the reactivity of adsorbed CO on a reduced 3 wt% Rh/Si02 reveals 
that the linear CO adsorbed on a single Rh site is involved in CO insertion leading to the 
formation of propionaldehyde (16). Bridged CO and gem-dicarbonyl CO exhibit little reactivity 
towards CO insertion. Similar studies were conducted on the oxidized Rh/Si02 catalysts and 
showed that single Rh+ sites are more active for CO insertion than the single Rho sites (16). 
However, Rh+ sites are not able to withstand the reducing atmosphere of CO& above 393 K. 

The high activity of linear CO sites and the lack of activity of bridged CO sites has led to 
preparation of supported Rh catalysts containing primarily linear CO sites. Adsorbed sulfur 
blocked the bridged CO sites, increasing the concentration of linear CO sites resulting in an 
increase in CO insertion selectivity and activity. Low-loading supported Rh catalyst contains 
highly dispersed Rh crystallite. Highly dispersed Rh which contains primarily single Rh sites may 
chemisorb linear CO. In contrast, CO adsorption on the 0.5 wt% W S i 0 2  produced bands at 
2027 and 2004 cm-1 that,- be assigned to weakly adsorbed NI(CO)~ as shown in Fig. 3 (30). 
The intensity of the bands decreased in flowing helium suggesting that the species was weakly 
adsorbed. The exposure of this adsorbed CO to ethylene and hydrogen did not result in any 
reaction at 303 K. CO adsorption at 323 K also produced weakly adsorbed Rh(CO)., bands at 
2027 and 2004 cm-I similar to those observed at 303 K. Expowre of adsorbed CO to ethylene 
and hydrogen at 323 K produced a propionaldehyde band at 1708 cm-l after approximately 20 
min of reaction. An increase in the amount of propionaldehyde formed is shown by the increase in 
the intensity ofthe adsorbed band with time as observed in Fig. 3. An increase in the hydrocarbon 
band near 2983 cm-1 is also observed with reaction time. The simultaneous formation of 
propionaldehyde and ethane indicates that CO insertion into adsorbed ethyl species competes with 
ethylene hydrogenation. 

CO adsorption on a Cu-Rh/Si02 catalyst produced a linear CO hand at 2058 cm-l, a 
bridged CO band at 1875 cm-l, and gem-dicarbonyl bands at 2091 and 2027 an-*,, shown in Fig. 
4. A band at 2127 cm-I assigned to CO adsorbed on Cu is also observed. Reaction of C2H4 y d  
H2 with adsorbed CO on Cu-Rh/SiO2 catalyst shows the formation of propionaldehyde 1 mm 
after addition of the reactants. A decrease in the bands at 2127 cm-* and 2058 cm-1 and the 
formation of propionaldehyde indicates that the linear CO on Rh and CO adsorbed on Cu 
participate in CO insertion into the adsorbed ethylene. The rate of propionaldehyde formation is 
much faster on the Cu-WSi02 catalyst in comparison to the highly dispersed Rh/SiOz catalyst. 
A decrease in intensity was observed in the gem-dicarbonyl bands after approximately 10 min of 
reaction with the simultaneous formation of ethane at 2983 cm-l and a small amount of C02 at 
2341 cm-I. Thus, the addition ofCu appears to increase the rate of CO insertion as indicated by 
the higher rate of formation of propionaldehyde on the Cu-WSiO2 catalyst as compared to the 
dispersed Rh/Si02 catalyst. 

CO adsorption on Ce-Rh/SiOz produced linear CO band at 2048 cm-1, bridged CO band 
at 1857 cm-1, gem-diwbonyl bands at 2090 and 2027 an-', and a tilted CO at 1766 cm-1. C o  

I 
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adsorption on Mn-Rh/SiO, produced linear CO band at 2040 cm-I, bridged CO at I835 cm-'. 
weakly adsorbed gem-dicarbonyl band at 2090 cm-I, and a tilted CO band at 1670 cm-I. CO 
adsorption on Ag-Rh/Si02 produced linear CO band at 2072 cm-1, a weak bridged CO band at 
1879 cm-I, and gem-dicarbonyl bands at 2095 and 2030 cm-l. 

The linear CO was found to be active for CO insertion. There is no obvious correlation 
between the wavenumber of hear CO and its CO insertion reactivity The tilted CO that has been 
suggested to be highly active for CO insertion is in fact a spectator that does not participate in the 
reaction. 

oxygenates can be improved by increasing the relative concentration of h e a r  CO sites and 
increasing reaction pressure. 
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* indicates adsorbed species IH 
C Oxygenates 

(Propionaldehyde) 

C Oxygenates 
'(Ethanol) 

(Acetaldehyde) fpropanol) 

Figure 1. Reaction pathway for higher oxygenates synthesis on Rh- and IFP-based 
catalysts. 

'ZH6 

C, Hydrocarbons 

C Oxygenates 

(Propionaldehyde) 
f Propanol) 

Figure 2. Reaction pathway for ethylene hydroformylation. 
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Figure 3. C,H,/H, addition to CO (ads.) on 0.5% W i O ,  
Wavenumber (cm-') 

3200 2600 2000 1400 

Wavenumber (cm-'1 
Figure 4. C,H(H, addition to CO (ads.) on Cu-Rh(l:l)/SiO, 
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The direct synthesis of oxygenates starting from synthesis gas is feasible 
by homogeneous and heterogeneous catalysis. 
Catalysts yielding methyl formate and alcohols will be presented. 
Interestingly, modified heterogeneous catalysts based on "Isobutyl Oel" 
catalysis, practized in Germany (BRD) up to 1952 and in the former DDR 
until recently, yield isobutanol in addition to methanol. These "Isobutyl 
Oel" catalysts are obtained by adding a base such as Li < Na c K < Cs to a 
Zn-Cr,O, methanol catalyst. 
J. Seibring [ 1) synthesized, with a ZrO,-In,O,-CuO-ZnO-K,O catalyst, 
isobutanol in yields up to 22%. G. Kolle-Gorgen 12) produced with a 
Zr0,-Mn0,-Pd-K,O catalyst isobutanol in yields up to 30%. 

Homogeneous Rh and Ru based 

Isobutanol is obtained in up to 15% yield. 

Our best catalyst a Zr-Zn-Mn-Li-Pd catalyst produced isobotanol up to 60% 
at a rate of 740g isobutanol per liter catalyst and hour. The reaction 
conditions with T = 715K. p - 25 MPA, GHSV - 20,000 h-' are rather severe. 
With changing pressure the selectivity to isobutanol changes. There is a 
significant temperature impact, which is evident from Fig. 1 

Whereas at 625K about 72% methanol is formed, this portion decreases to 6% 

at 725K. 
increases from 4% to 625K to 45% at 715K. 
over a run of about 720 hours. In catalyst preparation, the pB of the 
precipitation is critical. Fig. 2 outlines best values for isobutanol 
rest and around pH-values. 
pattern obtained in various runs. 

In parallel, the isobutanol portion in the liquid product 
The catalyst is quite stable 

Finally Fig. 3 exhibits a typical selectivity 

1. J. Seibring. Thesis R W H  Aachen 1985 

2 .  G. Kolle-Corgen, Thesis RWTH Aachen 1985 
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10 20 30 

Figure 1. Temperature dependence i-BuOH selectivity 
(Zr-Zn-Mn-Li-Pd catalyst, 10 MPa, GHSV 10,000 h -1 ) 

WF106 WF108 WFl lO WF112 WF78 WF114 WF116 W F l l 8  
p;2"4' pF27 p:08 pqH59 pH 18 pH 11 pH 13 eo p;: 45 44 52 

Figure 2. impact of pH-value on catalyst preparation 
Zr-Zn-Mn-K-Pd, T = 700 K,p = 25 MPA, GHSV = 20,000 h-' 

Remaining 
Methanol 

Remain ne 
Alcohol lefin 

Paraffin 
Methane 

CO - Conversion = 41 % 
C o p  - Selectivity = 46% isobutanol 

Figure 3. Product selectivity Zr-Zn-Mn-Li-Pd catalyst 
T = 715 K, p = 25 MPA, GHSV = 20,000 h -' 
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DIMETHYL CARBONATE PRODUCTION FOR FUEL ADDITIVES 
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Key wards : Dimelhyl 

i 
lNTRODUCTlON 

carbonate, Octane enhancing oxygenates, Zeolite catalysts 

Dimethyl carbonate is very attractive as for use as an oxygenate for fuel additives. 
A feasible method of mass production at a low cost is needed for producing dimethyl 
carbonate for fuel additives. 

The transesterification process is one of the dimethyl carbonate production 
processes('). In this process, ethylene carbonate with methanol is transesterificated 
to dimethyl carbonate. 

HzC-0, HeC-OH 
I ,C=O + PCHsOH --f CH30)C=0 + I 

HzC-0 CH3O HzC-OH 
ethylene carbonate methanol dimethyl carbonate ethylene glycol 

In the transesterification process, ethylene glycol is co-generated with dimethyl 
carbonate. The ethylene glycol is considered lo correspond economically with the 
conventional product from hydration of ethylene oxide, because the quality of the 
ethylene glycol produced by transesterification is equal to the quality of the 
conventional product and the demand for ethylene glycol is' growing year by year. 
Therefore, development of the dimethyl carbonate process through the 
transesterification is indicated. 

Oxidative carbonylation processes in both the liquid-phase and vapor-phase are 
known as the other dimethyl carbonate processes. Liquid-phase oxidative 
carbonylation is the oxidation of carbon monoxide with oxygen in methanol in the 
presence of copper chloride('). In the 
vapor-phase oxidative carbonylation, the reaction of carbon monoxide and methyl 
nitrite by the oxidation of methanol and nitric oxide in the presence of both palladium 
chloride and copper chloride is used(? These processes are based on oxidation due 
to the presence of both oxygen and chloride. 

Transesterification is a mild reaction with small exotherm. and is carried out in the 
liquid phase without toxic chemicals and corrosiveness. These features will be the 
merit of scale up with a low fixed capital. 

A catalyst is used in a slurry mixture. 
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We started transesterification process development for dimethyl carbonate 
production from the above considerations. Zeolites were studied as catalysts for this 
transesterification, due to their properties of resistance to heat and organic'solvents. 
Zeolite catalysts can be used in fixed bed reactors without a catalyst separation unit. 
Chiyoda has developed processes using zeolites, for example, the Z-forming process 
to produce BTX from light hydrocarbons, the 2,6-DIPN production process using zeolite 
adsorbent, etc. 

EXPERIMENTAL 

Catalvsts 
Almost all'of the popular industrial zeolites, for example the A. X, Y, L, Mordenite, 

ZSM-5 type, etc., were used in the catalysts screening. Several types of zeolites with 
adjusted cation species were screened next. Those catalysts were provided to 
reaction tests after calcination, 

Test units 
Reaction tests were performed in batch reactors and fixed bed reactors. Stainless 

steel was used for the reactors. Fixed-bed flow reactors were operated automatically 
under good material balance and well controlled of catalysts bed temperature. 

RESULTS 

The catalysts screening were performed from the points of activity, selectivity and 
sustainability. The reaction condition, the regenerating method, etc., were studied in 
order to develop the process for dimethyl carbonate production through 
transestenfication. We will discuss some results of the catalysts screening and 
catalytic performance tests. The details of catalysts design will be discussed in the 
future. 

Catalysts screeninq 

Various structure types of zeolites were examined during the first step of the 
catalysts screening based on activity, selectivity and sustainability. The influence of 
the cation species of zeolite on catalytic ability was studied next in several types of 
zeolites. A part of the results for the catalysts screening of commercially available 
zeolites is as follows. 

Na form zeolites with AIzOdSiOz molar ratios varying from 0.04 to 0.5 were used. 

\ 
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The activity is varied according to the types of zeolites as shown in Fig.1. it is 
considered that the order of activity depends on AIz03/SiOz which represents the 
quantity of active site of the zeolites. Zeolite A with the largest AIz03/SiOz ratio of 0.5 
shows the highest activity, and ZSM-5 with the small AIz03/SiOz of 0.04 has a vety low 
activity. It seems that the activity depends on the quantity of active sites of the zeolites. 
Zeolite A has the most active sites, because the maximum value of AIz03/SiOz in the 
Zeolites is at 0.5. After that, the catalysts with the same AIz03/SiOz of different 
structures were examined. 

W o n  soecies 

for several types of zeolites. 
available zeolites having different cation species. 

The influence of the cation species including proton on catalytic ability was studied 
We will discuss a part of the results for commercially 

The H form zeolites shows no activity. Fig.2 shows a comparison of the activity 
with 3 A(KA), 4 A(NaA) and 5 A(CaA) zeolites which have same AIz03/SiOz. The 3 A 
(KA) zeolite shows the highest activity. The order of the activity in zeolites A is as 
follows; 3 A>4 A>5 A. As for A type of zeolites which have the same crystalline 
structure, the activity depends on the cation species. 

Several types of K form zeolites were studied. Fig.3 gives a comparison of the 
activity of the industrially popular 3 A and L types of the zeolites, and the activity of the 
K form X type which is in adjusted cation species. The order of the activity for these 
zeolite types is A > X > L. The activity depends on the AIz03/SiOz and here zeolite A 
also shows the highest activity of the K form zeolites. 

From the results of catalysts screening, the activity of the zeolite catalysts depends 
on the AIzOdSiOz which represents the quantity of active sites, and the activity level of 
the site depends on the cation species. 

Catalytic performance tests 
Catalytic performance tests were achieved in order to study the zeolite catalysts for 

use in fixed bed reactors. The content of the cation species, the temperature for 
calcination. the material for binder, etc., were studied in addition to the catalysts 
screening. 

Table 1 shows an example of catalytic performance tests. A 46% of one pass 
dimethyl carbonate yield was obtained at 120 ("C) and 10 (kg/cm2). 

I 
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CONCLUSION 

oxygenate for fuel additives was studied. 
The catalytic activity of zeolites for the production of dimethyl carbonate for use an 

We studied the activity of some of the industrially popular zeolites by the catalysts 
screening based on activity, selectivity and sustainability. We found that the order of 
zeolite catalyst activity depends on the A1203/Si02 which represents the quantity 01 
active sites. Zeolite A with a maximum value of A1203/Si02 at 0.5 in the various zeolite 
types shows the highest activity. 

The influence of the cation species of the zeolites was studied using several types 
of zeolites. The order of the activity for industrially popular zeolites A is; 3A (KA) > 4A 
(NaA) > 5A (CaA). It is believed that the activity level of the site depends on the cation 
species. In the case of zeolite A, the order of activity for cation species is as follows; 
K+ > Na+ > Ca2+. 

Catalytic performance tests were achieved to study zeolite catalysts for use in fixed 
bed reactors. A 46% of one pass dimethyl carbonate yield was obtained at 120 ( C )  
and 10 (kg/cm2). Zeolite catalysts can be used in fixed bed reactors with significant 
properties of resistance to heat and organic solvents in comparison with ion exchange 
resin. The zeolite catalysts for dimethyl carbonate production by transesterification 
were prepared using commercially available zeolites by a simple ion exchange 
treatment. 
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